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SECTION  I 


APPLIED  PHYSICS  LETTERS  99,  081901  (201 1) 

Analysis  of  thermal  band  gap  variations  of  PbS  quantum  dots  by  Fourier 
transform  transmission  and  emission  spectroscopy 

B.  Ullrich, a)  J.  S.  Wang,  and  G.  J.  Brown 

Air  Force  Research  Laboratory,  Materials  and  Manufacturing  Directorate,  Wright  Patterson  AFB, 

Ohio  45433-7707,  USA 

(Received  13  June  2011;  accepted  19  July  2011;  published  online  22  August  201 1) 

Fourier  transmission  and  emission  spectroscopy  was  employed  in  the  range  from  5  to  300  K  to 
measure  the  thermal  band  gap  shift  of  4.7  nm  PbS  quantum  dots.  The  analytical  comparison  of  fits 
carried  out  with  the  expressions  of  Varshni  and  Fan  revealed  limited  accuracy  of  the  Varshni  fitting 
parameters.  Evidence  is  presented  that  transmission  spectroscopy  in  conjunction  with  the  Fan 
model  concurs  with  the  microscopic  material  features,  resulting  in  a  tool  to  determine  intrinsic 
properties  of  quantum  dots,  [doi:  10.1063/1.3623486] 


Due  to  their  broad  application  potential,  including  tele¬ 
communications,  tunable  light  sources,  biological  labeling, 
and  photovoltaics,1  4  PbS  quantum  dots  (QDs)  attract  ongoing 
research  activities.  Particularly,  the  technologically  relevant 
thermal  variation  of  the  PbS  QD  photoluminescence  (PL) 
transition  was  intensively  studied  and  in  absence  of  a  specific 
theory,  Gaponenko  et  al.  raised  the  question  whether  the 
existing  theoretical  expressions  for  bulk  band  gaps  can  be 
used  in  order  to  adequately  describe  this  specific  property  for 
QDs.  By  choosing  this  approach,  some  authors,5'  including 
ourselves,7  found  an  acceptable  description  of  the  thermally 
induced  PL  peak  shift,  disregarding  the  question  whether  the 
results  of  the  fits  and  the  found  parameters  properly  correlate 
with  the  intrinsic  absorption  properties  of  the  QDs.  With 
regard  to  the  fitting  models  used  to  describe  the  thermal  band 
gap  variations  of  semiconductors  the  empirical  Varshni8  equa¬ 
tion  is  probably  the  most  popular  approach,  while  Fan9 
derived  a  theoretical  expression  based  on  phonon-electron 
interactions.  The  applicability  of  both  models  has  been  exam¬ 
ined  for  the  absorption  of  crystalline  semiconductors.10  In  this 
paper,  we  used  the  cross-reference  of  PL  and  transmittance 
(TR)  data  in  order  to  examine  the  precision  of  the  Varshni  and 
Fan  relations  for  QDs.  The  work  further  demonstrates  the  cor¬ 
relation  between  the  Debye  temperature  of  the  QDs  and  their 
thermally  induced  band  gap  dependence. 

The  sample  was  formed  employing  the  following  proce¬ 
dure:  70  fiL  of  PbS  QDs  (40  mg/mL.  diameter  (4.7  ±  0.5) 
nm  was  added  into  200  /tL  of  toluene  solvent  in  a  mini  vial 
and  mixed.  Afterwards,  in  order  to  cover  as  homogenously 
as  possible  a  defined  area  with  QDs,  the  mixture  was  dis¬ 
persed  on  a  well-cleaned  glass  plate,  which  was  embedded 
between  two  teflon  o-rings  in  a  specifically  designed  mount 
of  two  parallel  aluminum  plates.  The  coating  set  for  30  min 
in  the  dark  to  allow  the  solvent  to  evaporate. 

The  PL  signal  was  evoked  with  the  continuous  wave  (cw) 
532  nm  emission  of  a  frequency  doubled  Nd:  Vanadate 
(Nd:YV04)  laser,  and  the  data  were  collected  with  a  Fourier 
transform  infrared  (FTIR)  BOMEM  spectrometer  in  conjunc¬ 
tion  with  an  InSb  detector.  The  actual  sample  temperature 
(5-300  K)  was  controlled  by  an  optical  closed  cycle  cryostat. 


“’Author  to  whom  correspondence  should  be  addressed.  Electronic 
addresses:  bruno.ullrich.ctr@wpafb.af.mil  and  bruno.ullrich@yahoo.com. 


At  this  point,  it  is  worthwhile  to  stress  that  the  temperature 
dependence  of  the  PL  peak  of  PbS  QDs  is  apparently  not 
always  following  the  expectations  based  on  common  semicon¬ 
ductor  experience.  For  example,  Turyanska  et  al.11  reported  a 
rather  flat  («0.07  meV/K)  blue  shift  of  the  PL  peak  up  to  150 
K,  while  beyond  this  temperature  an  energy  shift  factor  of  0.3 
meV/K  was  observed  and  in  another  work  a  subtle  variation 
of  <  0.1  meV/K  over  the  temperature  range  «10  to  300  K  was 
reported.12  Encountering  inconsistent  PL  shifts  ourselves,  we 
observed  that  the  randomness  of  the  results  can  be  avoided  by 
keeping  the  impinging  laser  intensity  close  to  the  PL  thresh¬ 
old.  because  increasing  the  laser  intensity  much  above  the 
emission  threshold  moves  the  PL  peak  up  on  the  energy 
scale — i.e.,  causing  an  extrinsic  increase  in  the  band  gap 
(Ref.  7) — and  alters  the  PL  peak  shift  with  temperature.  The 
PL  threshold  energy  is  a  sample  specific  parameter,  and  was 
found  to  be  5  W/cm2  for  the  sample  investigated.  The  meas¬ 
urements  have  been  carried  out  by  cooling  the  sample  in  the 
dark  and  by  warming  it  up  under  the  constant  illumination. 

The  TR  experiments  were  carried  out  employing  a  high 
resolution  BOMEM  spectrometer  in  conjunction  with  the 
InSb  detector  used  for  the  PL  measurements.  The  sample 
was  excited  with  the  internal  globar  source  of  the  BOMEM 


FIG.  1.  (Color  online)  Energy  of  the  transmittance  minimum  vs.  tempera¬ 
ture.  The  symbols  represent  the  experimental  results,  and  the  broken  and 
solid  lines  arc  fitted  with  equations  of  Varshni  (1)  and  of  Fan  (2).  The  inset 
shows  the  transmittance  spectra  vs.  energy  for  8  and  300  K. 
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FIG.  2.  (Color  online)  Energy  of  the  photoluminescence  peak  vs.  tempera¬ 
ture.  The  symbols  represent  the  experimental  results,  and  the  broken  and 
solid  lines  are  fitted  with  equations  of  Varshni  (1)  and  of  Fan  (2).  The  inset 
shows  the  photoluminescence  spectra  vs.  energy  for  5  and  300  K. 

while  mounted  in  a  closed-cycle  optical  cryostat  with  a  tem¬ 
perature  range  of  8  to  300  K.  The  experiments  have  been  car¬ 
ried  out  applying  the  procedure  of  the  PL  measurements. 

Figures  1  and  2  show  the  TR  minimum  and  PL  peaks  vs. 
temperature.  Approaching  1  eV  at  300  K,  the  TR  minimum 
agrees  reasonably  with  the  expected  band  gap  for  nm 
QDs.  The  PL  peak  takes  place  at  lower  energies  due  to  the 
Stokes  shift.5  The  symbols  represent  the  measurements  and 
the  dotted  lines  the  fits  for  the  thermal  band  gap  dependence 
Eg(T)  according  to  the  Varshni  equation,8 

Eg(T)=  £g(0)+ar2/ (/?  +  T),  (1) 

where  £g(0)  is  the  low  limit  of  the  band  gap  energy  at  T  O 
K,  i,  and  p  are  empiric  parameters — but  for  several  semicon¬ 
ductors  p  was  found  to  be  in  reasonable  agreement  with  the 
Debye  temperature  and  a  is  presumed  to  be  close  to  the  band 
gap  temperature  coefficient  (a»  A£g/A7).8,10  The  solid  lines 
are  the  fit  results  using  Fan’s  expression,910 

Eg(T)=  Eg(0)+A/ {e\p((Ep) / kT)  -  1},  (2) 

where  A  is  the  Fan  parameter,  which  depends  on  the  micro¬ 
scopic  material  properties,  and  (£p)  is  the  average  phonon 
energy  responsible  for  the  band  gap  variation,  and 
k :  =  8.62  x  10-5  eV/K  is  the  Boltzmann  constant.  The  overall 
agreement  of  both  fits  with  the  experiment  is  almost  identi¬ 
cal,  and  the  fitting  parameters  arc  summarized  in  Table  I  and 
D,  whereas,  as  justified  below,  the  Debye  temperature  in 
Table  II  was  calculated  with  0D  —  (Ep)/k.  To  visualize  the 
measured  spectra,  the  insets  in  Figs.  1  and  2  exhibit  the  TR 
and  PL  measurements  at  cryogenic  temperatures  and  room 
temperature. 


TABLE  I.  Fit  parameters  used  with  Eq.  (1). 


Measurement 

£g(0)  (eV) 

a  (eV/K) 

P(K) 

TR 

0.9219  ±  0.0003 

1.8  x  10_4±  2.0  x  10  5 

238  ±  58 

PL 

0.785  ±  0.002 

5.3  x  10"4±  7.1  x  lO-5 

128  ±  56 

Comparing  the  fi  with  the  0D  values  in  Tables  I  and  II, 
it  is  apparent  that  the  Fan  equation  presents  the  more  consist¬ 
ent  result.  Nevertheless,  the  question  is  which  combination 
of  fit  and  measurement  reveals  the  more  accurate  0D,  whose 
values  arc  broadly  scattered  in  the  literature:  (143  ±  6)  K 
and  225  K  were  reported  for  bulk,13’1 1  while,  fitting  the  ther¬ 
mal  PL  peak  shift  of  QDs  with  the  Varshni  equation,  p  was 
found  to  be  (143  ±  48)  K,5  75  K  and  125  K.7  Although  fairly 
scattered  as  well,  these  data  suggest  that  0D  is  below  200  K. 
Furthermore,  the  found  average  phonon  energies  of  13.2  and 
15.5  meV  from  the  PL  and  TR  measurements  in  Table  II 
agree  very  well  with  the  PL  fit  value  of  (11.7  ±  1.7)  meV 
reported  by  Gaponenko  et  al.5  who  used  O'Donnell’s  and 
Chen’s  expression,15 

£g(0)=  £g(0)+5(£p)[coth((£p)/2^7’)  -  1],  (3) 


where  S  is  the  Huang-Rhys  factor,  which  is  a  measure  of  the 
strength  of  the  electron-phonon  coupling.  We  note  that  due 
to  S  A/{2(£p)}  and  the  identity  2/(ev—  1)  —  cothCv/2)  -  1, 
Eqs.  (2)  and  (3)  are  equal  and  a  fit  using  either  equation 
results  in  the  same  fitting  parameters.  The  S  values  are  also 
displayed  in  Table  II. 

Regarding  our  experience  with  laser  excited  PL,  i.e.,  the 
possible  creation  of  extrinsic  features  by  the  laser  irradiation, 
we  expect  that  TR  results  achieved  with  low  light  intensity 
are  more  closely  related  to  the  intrinsic  properties  of  the 
QDs.  In  addition,  energy  relaxations  of  excited  electrons  into 
the  dark  exciton  ground  states  via  multi-phonon  processes 
before  radiative  electron-hole  recombination  takes  place 
causes  a  redshift — commonly  called  Stokes  shift — of  the  PL 
peak  with  respect  to  the  fundamental  transition.16  This  pro¬ 
cess  adds  an  additional  temperature  dependent  phenomenon 
to  the  band  gap  shift.  We  also  note  here  that  the  overall  tem¬ 
perature  coefficient  for  TR  and  PL  is  quite  different: 
1  x  10-4  eV/K  and  3  x  10-4  eV/K,  reducing  the  Stokes  shift 
for  increasing  temperatures.  These  additional  effects  influ¬ 
ence  the  PL  fitting  parameters.  In  order  to  weigh  the  quality 
of  the  A  parameters  in  Table  II,  it  is  clearly  necessary  to  cal¬ 
culate  the  theoretically  expected  Fan  factor,  which  is  widely 
temperature  invariant.  The  microscopic  expression  for  A  is 
given  by10,17 


TABLE  II.  Fit  parameters  used  with  Eqs.  (2)  and  (3). 


Measurement 

£g(0)  (eV) 

A  (eV) 

(Ep)  leV) 

®d(K) 

S 

TR 

0.9223  ±  0.0003 

0.0234  ±  0.0039 

0.0155  ±0.0019 

180  ±22 

0.75  ±  0.22 

PL 

0.787  ±  0.002 

0.0720  ±  0.0168 

0.0132  ±  0.0024 

153  ±28 

2.73  ±  1.13 
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FIG.  3.  (Color  online)  Difference  between  the  fit  done  with  the  Fan  expres¬ 
sion  (Eq.  (2))  and  the  Varshni  formula  (Eq.  (1)). 

where  e  (=  1.602  x  10“ 19  As)  is  the  elementary  charge,  h 
(—  1.054  x  10“31  Js)  is  Planck's  constant  divided  by  2 n,  m 0 
(=9.11  x  10-31  kg)  is  the  free  electron  mass, 
s  (—  8.854  x  10-12  As/Vm)  is  the  vacuum  permittivity, 
£0  (—150)  is  the  static,  £<»  (—  16.8)  is  the  high  frequency 
dielectric  constant,18  and  me  (=  0.080)  and  mh  (—  0.075)  are 
the  effective  electron  and  hole  mass.19  We  discuss  now  Eq. 
(4)  in  context  with  fit  values  in  Table  II.  Apparently, 
APL  —  72.0  meV  is  blown  out  of  the  phonon  energy  range 
and  would  require  the  non-realistic  value  of  ( £p )  =  439 
meV.  On  the  other  hand,  ATr  =  23.4  meV  corresponds  to 
{Ep)  —  46.4  meV,  which  exceeds  the  expected  value  of  15.5 
meV— corresponding  to  A  —  13.5  meV — but  goes  along  with 
the  scatter  for  A  values  fitted  with  Eq.  (2)  and  calculated 
with  Eq.  (4)  for  crystalline  materials.111  Furthermore, 
STr  -  0.75,  rather  than  5PL  =  2.73,  is  in  much  better  agree¬ 
ment  with  the  value  of  «0.7  for  3  nm  PbS  QDs.20  In  general, 
S  values  determined  with  PL  fits  exceed  unity  (1.48  in  Ref. 
5,  and  1.34  and  1.41  in  Ref.  7).  Hence,  by  confirming  our 
expectations,  we  conclude  that  the  TR  analysis  reveals  pa¬ 
rameters  closer  to  the  intrinsic  PbS  QD  features  than  the 
evaluation  of  PL  results.  However,  perfect  agreement 
between  the  intrinsic  features  of  QDs  and  bulk  cannot  be 
expected  because  in  the  nano-regime  basic  properties  such  as 
heat  capacity  and  Debye  temperature  are  a  function  of  size.21 

We  address  now  the  relation  between  ( Ep )  and  0D. 
Looking  at  the  data  in  Refs.  15  and  22,  the  relationship 
{Ep)  —  k0D  holds  for  GaAs  and  GaP  but  not  for  Si  and  C. 
The  reason  can  be  deduced  from  the  shape  of  ES(T),  which  is 
nonlinear  for  T  <  0D  due  to  the  limited  number  of  excited 
phonon  modes,  while  at  elevated  temperatures,  approaching 
and  passing  0D,  all  possible  phonon  modes  get  excited  and 
Eg(T)  turns  into  a  linear  dependence.  Semiconductors  such 
as  GaAs  and  GaP,  and  the  investigated  PbS  QDs,  which 
overcome  the  nonlinear  region  of  ES(T)  below  «250  K, 
show  a  tendency  to  obey  (Ep)  —  k0D.  A  consistency  check 
whether  the  fit  with  Eqs.  (2)  and  (3)  reveals  0D  can  be  done 
with  the  relation  0D  —  A/a,  which  holds  for  the  linear  range 
of  £g(7 ).  For  T  >  140  K  the  linear  fit  of  TK(T)  in  Fig.  1  gives 
<*tr=1-3x  10-4  eV/K  (goodness  of  fit  0.995),  resulting 
with  Atr  =  23.4  meV  from  Table  II  in  (9D  =  180  K,  verify¬ 
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ing  that  the  fit  of  the  TR  measurements  reveals  indeed  0D. 
With  the  a  values  of  the  Varshni  fit  in  Table  I,  A/a  gives  44 
and  130  K.  As  found  in  previous  works  on  crystalline  semi¬ 
conductors10  and  PbSc  QDs,23  the  Varshni  formula  overesti¬ 
mates  a. 

The  goodness  of  fit  in  Figs.  1  and  2  is  better  than  0.996 
for  all  fits  independent  of  the  expression  used.  As  already 
mentioned,  from  the  standpoint  of  the  visible  agreement  with 
the  experimental  data  both  models  are  more  or  less  identical. 
Hence,  it  is  of  interest  to  actually  compare  the  difference  of 
both  fits  in  order  to  point  out  where  and  how  they  differ.  We 
define  AFit  by  the  Fan  fit  minus  the  fit  done  with  the  Varshni 
relation.  The  result  is  shown  in  Fig.  3.  Overall  the  TR  fits 
reveal  an  improved  congruent  behavior  (±0.5  meV)  with 
respect  to  the  PL  fits.  At  cryogenic  temperatures  AFit  for  the 
PL  is  more  severe  than  at  elevated  temperatures  because  the 
dominating  T2  dependence  at  low  temperatures  of  the  Var¬ 
shni  relation  does  not  properly  fit  the  almost  constant  part  of 
£g(D  below  ^30  K. 

Summarizing,  the  work  promotes  the  use  of  the  Fan 
model  for  the  theoretical  description  of  the  thermal  band  gap 
shift  of  PbS  QDs.  The  presented  results  further  advocate  the 
measurement  of  absorption  properties  rather  than  emission 
in  order  to  get  a  consistent  set  of  data  for  macroscopic  and 
microscopic  parameters,  such  as  Debye  temperature  and  Fan 
factor. 
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Using  supercritical  fluid  C02  (Sc-C02)  as  a  medium,  PbS  nano¬ 
particles  can  be  uniformly  deposited  on  surfaces  of  various 
substrates.  Sc-C02  deposition  of  PbS  nanoparticles  on  carbon- 
coated  copper  grids,  into  small  holes  in  silicon,  and  formation 


of  uniform  PbS  nanoparticle  films  on  glass  are  described.  Fluo¬ 
rescence  spectra  of  PbS  nanoparticles  obtained  from  the  films 
prepared  by  the  Sc-C02  method  indicate  effective  energy 
transfer  between  PbS  nanoparticles  of  different  sizes. 


1.  Introduction 

Recently,  there  has  been  much  interest  in  the  synthesis  and 
characterization  of  metal  sulfide  semiconductor  nanoparticles 
due  to  their  unique  optical  and  electronic  properties/1-31  Metal 
sulfide  nanoparticles  have  potential  applications  in  many  fields 
including  solar  cells/41  lasers/51  LED  devices,16,71  IR  detectors,181 
telecommunication/91  solar  absorber  and  photography,-10-121  op¬ 
tical  switches  and  optical  amplification/13,141  Lead  sulfide  is 
a  Group  IV-VI  semiconductor  with  a  narrow  direct  band  gap 
(0.41  eV)  and  large  exciton  Bohr  radius  of  nearly  20  nm.[15,16] 
These  properties  make  PbS  an  interesting  system  for  studying 
the  effects  of  quantum  confinement.  It  is  known  that  PbS 
nanoparticles  can  provide  photoluminescence  over  the  whole 
transmission  window  (1.2-1 .7  pm)  of  silica  optical  fibers  and 
therefore,  can  be  potentially  used  for  universal  optical  amplifi¬ 
ers/171  A  number  of  reports  regarding  the  synthesis  and  charac¬ 
terization  of  PbS  nanoparticles  in  different  matrices  can  be 
found  in  the  literature/18-211  Using  metal  sulfide  quantum  dot 
fluorophores  for  non-radiative  energy  transfer  is  of  current  in¬ 
terest  because  of  its  potential  applications  in  a  wide  range  of 
chemical  systems/221  Fluorescence  resonance  energy  transfer 
(FRET)  involving  PbS  quantum  dots  is  of  special  interest  be¬ 
cause  the  fluorescence  wavelength  of  nanometer-sized  PbS 
particles  occurs  typically  in  the  near  infrared  region.  FRET  is 
sensitive  to  nanometer-scale  changes  in  the  donor-acceptor 
separation  distance.  Techniques  of  making  uniform  films  of 
metal  sulfide  quantum  dots  with  controllable  inter-particle  dis¬ 
tances  are  needed  for  FRET  studies.  However,  it  is  still  a  chal¬ 
lenge  to  develop  efficient  methods  of  depositing  PbS  nanopar¬ 
ticles  in  nanostructures  or  making  uniform  films  for  studying 
their  optical  properties. 

Supercritical  fluid  carbon  dioxide  (Sc-C02)  is  known  to  have 
a  near-zero  surface  tension  and  provides  an  ideal  medium  for 
depositing  nanoparticles  in  small  structures  or  to  form  thin 
layers  of  ordered  arrays,  which  cannot  be  achieved  by  tradi¬ 
tional  solvent  deposition  methods/231  For  example,  Smetana 
etal.  have  demonstrated  that  gold  and  platinum  nanoparticles 
can  be  uniformly  deposited  in  nanometer-sized  holes  ion- 
milled  in  silicon  substrates  and  can  form  layers  of  close-packed 
arrays  with  long-range  order  using  a  Sc-C02  process/24,251  Wang 


et  al.  have  also  reported  the  deposition  of  Ag2S  and  CdS  nano¬ 
particles  in  nanostructures  of  semiconductor  substrates  using 
Sc-C02  as  a  medium/231 

In  the  present  work,  supercritical  fluid  deposition  of  PbS 
nanoparticles  in  small  holes  in  silicon  substrates  and  the  for¬ 
mation  of  uniform  PbS  nanoparticle  films  on  glass  are  de¬ 
scribed.  Spectroscopic  data  of  the  PbS  nanoparticle  films  and 
energy  transfer  between  PbS  nanoparticles  of  different  sizes 
are  also  reported. 

2.  Results  and  Discussion 

Characterization  of  PbS  Nanoparticle  Arrays 

Figure  1  shows  transmission  electron  microscopy  (TEM)  images 
of  PbS  nanoparticle  arrays  formed  by  the  Sc-C02  deposition 
method.  The  average  particle  size  (diameter)  of  the  PbS  quan¬ 
tum  dots  is  4.7±0.5nm.  The  average  distance  between  two 
adjacent  PbS  nanoparticles  from  center  to  center  is  7.8 ± 
0.7  nm.  These  measurements  were  taken  using  the  ImageJ 
software.  According  to  Bain  et  al/261  the  ligand  length  L  [nm] 
can  be  approximated  by  L  =  0.25  ± 0.1 27n,  where  n  is  the 
number  of  carbon  atoms  in  the  alkyl  chain/27-291  The  equation 
gives  a  theoretical  value  of  L  =  2.536  nm  for  a  single  oleic  acid 
molecule.  The  average  values  for  the  interparticle  distance  be¬ 
tween  two  adjacent  PbS  nanoparticles  stabilized  by  oleic  acid 
is  3.1  ±0.6  nm,  in  the  two-dimensional  (2D)  arrays  shown  in 
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Figure  1 .  TEM  of  PbS  nanoparticles  deposited  on  copper  grids  in  Sc-CO,. 
a)  PbS  size  4.7  +  0.5  nm,  the  average  values  for  interparticle  distance  be¬ 
tween  two  adjacent  PbS  nanoparticles  stabilized  by  oleic  acid  is 
3.1  +0.6  nm,  and  b)  PbS  size  2.3  +0.3  nm,  the  average  values  for  interparti¬ 
cle  distance  between  two  adjacent  PbS  nanoparticles  stabilized  by  oleic  acid 
is  2.7 +  0.5  nm.  c)  HRTEM  image  and  d)  electron  diffraction  of  PbS  nanoparti¬ 
cles  of  4.7  nm.  The  conditions  to  prepare  the  particles  are  given  in  the  Ex¬ 
perimental  Section. 

Figure  1.  The  experimental  values  suggest  an  intensive  interdi 
gitation  of  the  protecting  ligands  between  the  lead  sulfide 
semiconductor  nanoparticles  due  to  the  long  alkyl  chain  of 
oleic  acid.  A  second  batch  of  smaller  sized  PbS  nanoparticles 
was  also  fabricated.  The  size  of  the  smaller  PbS  nanoparticles 
is  2.3  ±0.3  nm  and  the  average  interparticle  distance  between 
the  two  adjacent  PbS  nanoparticles  stabilized  by  oleic  acid  is 
2.7±0.5nm.  The  high  resolution  TEM  (HRTEM)  image  (c)  in 
Figure  1  shows  the  well-formed  lattice  planes  of  the  PbS  nano¬ 
particles,  and  the  electron  diffraction  pattern  (Figure  1  d)  of  the 
particles  also  indicates  high  crystallinity. 

Benchtop  solvent  deposition  of  PbS  can  form  arrays  on  the 
TEM  copper  grids  immersed  in  the  solution  under  atmosphere 
pressure  (Figure  2,  left).  However,  the  benchtop  solvent-evapo- 


Figure  2.  TEM  images  of  PbS.  Benchtop  solvent  deposition  showing  voids 
and  uneven  coverage  of  PbS  on  carbon-coated  Cu  grid  surface  (left)  and  su¬ 
percritical  fluid  solution  deposition  showing  long-range  and  well  organized 
arrays  (right).  Size  of  PbS  nanopartides  4.7  ±  0.5  nm. 


ration  process  leads  to  imperfect  nanoparticle  ordering,  such 
as  isolated  islands,  percolating  domains,  locally  high  particle 
population,  and  uneven  surface  coverage  as  described  in  the 
literature. 30-331  In  supercritical  fluid  deposition,  the  PbS  nano 
particles  show  long-range  order  and  well  organized  arrays 
(Figure  2,  right). 

The  X-ray  diffraction  (XRD)  pattern  of  the  oleic  acid-capped 
PbS  nanoparticles  is  given  in  Figure  3.  All  diffraction  peaks  can 
be  indexed  to  face-centered-cubic  (fee)  PbS  nanoparticles.  The 
sharp  peaks  indicate  that  the  product  is  highly  crystalline.  The 
following  peaks  were  observed  in  every  XRD  pattern  of  the 
synthesized  PbS  nanoparticles:  20=25.96,  30.06,  43.06,  50.98, 
53.4,  62.54,  68.88,  70.%,  and  78.92  which  correspond  to  the 
(111),  (200),  (220),  (311),  (222),  (400),  (311),  (420),  and  (422) 
planes  of  the  fee  structure  of  bulk  PbS,  respectively.  The  XRD 
patterns  agree  with  standard  reference  data  (Joint  Committee 
on  Powder  Diffusion  Standards  (JCPDS)]  for  PbS  galena. 

Deposition  of  PbS  Nanoparticles  in  Nanoscale  Structures  of 
Semiconductor  Substrate 

A  unique  feature  of  Sc-C02  as  a  particle  deposition  medium  is 
its  penetration  ability.  For  instance,  metal  nanoparticles  can  be 
placed  into  nanostructures  on  a  Si  substrate  surface  by  Sc  C02 
deposition  as  described  in  a  previous  report.^41  Figure  4a 
shows  the  scanning  electron  microscopy  (SEM)  image  of  nano¬ 
scale  holes  formed  in  the  surface  of  a  (111)  oriented  Si  sample 
by  ion  milling  using  a  FEI  strata  BD235  focused  ion  beam  (FIB) 
with  a  30  keV  Ga+  ion  beam.  Benchtop  deposition  through 
typical  solvent  evaporation  was  achieved  by  placing  the  as- 
milled  Si  sample  (4.5  x  4.5  mm2)  in  the  bottom  of  a  small  glass 
vial  filled  with  oleic  acid-stabilized  PbS  nanoparticles  in  tolu¬ 
ene.  This  process  resulted  in  an  inhomogeneous  deposition 
with  large  voids  in  the  nanostructures  (Figure  4  b).  When  the 
evaporation  was  carried  out  in  a  Sc  C02  cell  with  an  as  milled 
Si  sample  placed  in  an  environment  with  the  same  oleic  acid- 
stabilized  PbS  toluene  solution,  the  PbS  nanoparticles  were  de¬ 
posited  uniformly  into  the  nanoscale  holes  (Figure  4  c).  The 
nanoscale  pores  were  packed  with  PbS  nanoparticles  filling  in 
the  available  space.  The  details  of  the  supercritical  fluid  deposi¬ 
tion  procedure  to  fill  nanoparticles  in  semiconductor  nano¬ 
structures  are  given  in  a  previous  paper. 2,1 

Making  PbS  Nanoparticle  Films  on  Glass  in  Sc-C02 

The  optical  properties  of  the  PbS  nanoparticle  arrays  are  large¬ 
ly  unknown.  Optical  properties  of  PbS  nanoparticle  assemblies 
are  of  particular  interest  because  they  may  lead  to  new  materi¬ 
als  for  optical  applications  in  the  near-infrared  region.  Tor  this 
reason,  we  developed  methods  for  making  uniform  films  of 
PbS  nanoparticles  on  different  substrates  in  Sc-C02  for  spectro¬ 
scopic  studies.  In  our  initial  experiments,  glass  was  selected  as 
the  substrate  for  spectroscopic  investigation  because  it  is 
a  simple  transparent  insulator. 

PbS  nanoparticle  films  of  different  thickness  were  prepared 
using  the  device  shown  in  Figure  5.  The  PbS  nanoparticle  films 
deposited  on  glass  in  Sc-C02  exhibited  uniform  coverage, 
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Figure  3.  XRD  of  PbS  nanoparticles. 


Absorption  and  Fluorescence  Spectra  of  PbS 
Nanoparticle  Films 

Figure  7  shows  the  fluorescence  spectra  of  PbS  nano¬ 
particles  (2.3  nm  and  4.7  nm  diameter)  in  toluene 
and  after  the  formation  of  films  by  Sc-C02  deposition 
on  glass.  There  is  generally  a  small  red  shift  of  the 
fluorescence  peak  wavelength  for  the  PbS  nanoparti¬ 
cles  condensed  in  the  film  relative  to  that  in  the  tolu¬ 
ene  solution.  For  example,  the  fluorescence  peak 
wavelength  of  the  2.3  nm  PbS  nanoparticle  film  is 
red-shifted  by  about  50  nm  relative  to  that  in  the  tol¬ 
uene  solution  (980  nm,  Figure  7  a).  A  similar  but 
smaller  red  shift  (about  20  nm)  was  also  observed  for 
the  fluorescence  peak  of  the  4.7  nm  PbS  nanoparticle 
film  relative  to  the  same  PbS  nanoparticle  sample  in 
toluene  solution  (1385  nm,  Figure  7  b).  It  should  be 
noted  that  the  PbS  nanoparticles  used  in  our  experi- 


Figure  4.  SEM  images  of  a)  blank  holes  before  deposition,  b)  benchtop  sol¬ 
vent  deposition,  and  c)  supercritical  fluid  vapor  deposition  of  PbS  into  small 
holes  in  silicon. 


whereas  the  films  produced  by  benchtop  solvent  evaporation 
always  showed  rough  surfaces  and  irregular  coverage.  Exam¬ 
ples  of  PbS  nanoparticle  films  formed  with  this  device  in  Sc- 
C02  and  in  open  air  are  shown  in  the  Supporting  Information 
(Figure  S-1).  The  method  to  measure  the  film  thickness  was  de¬ 
scribed  in  the  Supporting  Information  and  Figure  S-2. 

To  view  the  surface  morphology  of  the  PbS  nanoparticle 
films,  we  used  chromium  (Cr)-coated  glass  to  prepare  the  films 
in  Sc-C02,  following  the  same  procedure  described  above  for 
making  PbS  nanoparticle  films  on  uncoated  glass.  The  conduc¬ 
tive  nature  of  the  Cr-coated  glass  allows  SEM  imaging  of  the 
PbS  nanoparticle  films.  A  typical  SEM  picture  of  a  PbS  nanopar¬ 
ticle  film  prepared  by  the  Sc-C02  method  is  shown  in  Figure  6. 
The  surface  of  the  film  is  covered  with  well-ordered  PbS  nano¬ 
particles. 


Figure  5.  Apparatus  for  making  PbS  nanoparticle  films  on  glass  in  Sc-C02. 
a)  High  pressure  reaction  chamber,  b)  apparatus  for  Sc-C02  deposition  of 
PbS  nanoparticles  on  glass,  and  c)  PbS  nanoparticle  film  formed  on  glass  by 
the  Sc-C02  deposition  method. 


100  nm 


Figure  6.  SEM  image  of  surface  of  a  PbS  nanoparticle  film  prepared  by  the 
Sc-C02  deposition  on  a  Cr  coated  glass. 
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Wavelength  /  nm 

Figure  7.  Overlaid  fluorescence  spectra  of  a)  2.3  nm  and  b)  4.7  nm  PbS  nano- 
particles  in  toluene  solution  (black)  and  in  film  prepared  by  Sc -CO?  deposi 
tion  on  glass  (gray).  Peak  intensities  are  normalized  to  the  maximum  point 
as  1.0  for  comparison. 

merits  have  a  size  distribution  in  the  range  of  10-13%.  Energy 
transfer  may  occur  when  two  PbS  nanoparticles  of  different 
sizes  are  in  close  contact  in  a  compact  film.34  *71  This  would 
result  in  a  small  red  shift  of  the  emission  peak  wavelength  of 
PbS  nanoparticles  in  the  film  relative  to  that  in  the  solution  as 
reported  by  Clark  et  al.l3#I 

The  absorption  spectra  of  each  group  of  the  PbS  nanoparti¬ 
cles  (2.3  nm  and  4.7  nm)  in  the  toluene  solution  and  in  the 
films  prepared  by  the  Sc-C02  deposition  method  are  given  in 
Figure  8.  There  is  no  significant  difference  in  absorption  wave¬ 
length  between  the  PbS  nanoparticles  in  the  solution  and  in 
the  film  for  each  group  of  the  quantum  dots.  The  absorbance 
maxima  of  PbS  nanoparticles  for  the  2.3  nm  and  the  4.7  nm 
samples  in  the  toluene  solution  and  in  the  film  are  around 
890  nm  and  1330  nm. 

The  absorption  spectra  of  a  mixture  of  the  two  PbS  nano¬ 
particle  solutions  and  the  film  prepared  from  the  mixed  solu 
tion  using  the  Sc-COj  deposition  method  are  given  in  Figure  9. 
Again,  there  are  no  obvious  changes  in  either  the  wavelength 
or  the  relative  absorbance  ratio  of  the  two  PbS  absorption 
peaks. 

The  fluorescence  spectrum  of  the  mixed  solutions  is  shown 
at  the  bottom  of  Figure  10.  Two  distinct  fluorescence  peaks 
are  visible  from  the  spectrum,  one  centered  at  about  980  nm 
and  the  other  at  about  1385  nm,  corresponding  to  the  emis¬ 
sion  wave  lengths  of  the  2.3  nm  and  the  4.7  nm  PbS  nanoparti¬ 
cles  in  the  solution.  A  significant  observation  in  this  experi¬ 
ment  is  that  the  relative  fluorescence  intensities  of  the  two 
peaks  changed  drastically  for  the  mixed  nanoparticle  film 
formed  in  Sc-C02  (Figure  10).  The  initial  solution  has  a  relative 
fluorescence  intensity  ratio  of  about  1:1.3  for  the  2.3  nm/ 
4.7  nm  PbS  peaks.  In  the  Sc-C02-formed  PbS  nanoparticle  film 


b) 


Wavelength  /  nm 

Figure  8.  Overlaid  absorption  spectra  of  a)  2.3  nm  and  b)  4.7  nm  PbS  nano 
particles  in  toluene  solution  (black)  and  in  the  film  prepared  on  glass  by  the 
Sc-CO;  deposition  method  (gray). 


Figure  9.  Absorption  spectra  of  a  mixture  of  the  2.3  nm  and  the  4.7  nm  PbS 
nanoparticles  in  toluene  solution  (black)  and  a  film  prepared  from  the  solu¬ 
tion  using  the  Sc-C02  deposition  method  (gray). 

prepared  from  this  solution,  the  fluorescence  intensity  ratio  of 
the  two  peaks  (2.3  nm/4.7  nm)  changes  to  a  value  close  to 
1:8.5.  Energy  transfer  between  PbS  quantum  dots  of  different 
sizes  obviously  occurs  effectively  in  the  solid  film  on  glass  pre¬ 
pared  by  the  Sc-C02  deposition  method.  Clark  et  al.  have  esti¬ 
mated  a  Forster  radius  of  8  nm  for  the  PbS  quantum  dots  fluo¬ 
rescence  resonant  energy  transfer.1381  The  separation  of  PbS 
nanoparticles  in  the  films  on  glass  formed  by  the  Sc-CO?  depo¬ 
sition  method  is  certainly  less  than  the  estimated  Forster 
radius.  The  FRET  result  is  reproducible  for  fluorescence  meas¬ 
urements  on  different  locations  of  the  supercritical  fluid-pre¬ 
pared  film.  It  should  be  noted  that  the  fluorescence  ratio  of 
the  two  peaks  would  go  back  to  the  initial  value  when  the  film 
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Figure  10.  Fluorescence  spectra  of  a  mixture  of  2.3  nm  and  4.7  nm  PbS 
nanoparticles  in  toluene  (a)  and  in  a  solid  film  prepared  by  Sc-C02  deposi¬ 
tion  on  glass  (b). 


is  dissolved  in  toluene  again.  For  the  mixed  PbS  nanoparticle 
films  prepared  by  solvent  evaporation  under  ambient  pressure, 
changes  in  the  relative  fluorescence  peak  intensity  are  ob¬ 
served  but  the  values  fluctuate  depending  on  the  locations  of 
the  film  measured.  Uniformity  of  nanoparticle  Films  could  be 
an  important  factor  for  studying  optical  properties  of  metal 
sulfide  quantum  dot  films  or  fabricating  reproducible  devices. 

3.  Conclusion 

PbS  nanoparticles  can  be  deposited  uniformly  on  carbon- 
coated  copper  grids  and  on  glass  using  Sc-C02  as  a  deposition 
medium.  TEM  images  showed  that  PbS  nanoparticles  can  form 
uniform  2D  or  3D  arrays  in  supercritical  C02,  while  benchtop 
solution  deposition  usually  displays  non-uniform  structures. 
SbM  images  also  showed  that  PbS  nanoparticles  can  penetrate 
into  nanoscale  holes  in  a  Si  substrate  forming  a  dose-packed 
array  using  the  Sc-C02  process  which  cannot  be  achieved  by 
a  traditional  solvent-deposition  method.  A  specially  designed 
apparatus  for  depositing  PbS  quantum  dots  on  glass  in  Sc-C02 
was  described.  The  PbS  nanoparticle  films  formed  in  Sc  C02 
showed  good  areal  coverage  and  uniformity,  suitable  for 
studying  optical  properties  and  energy-transfer  phenomenons 
between  quantum  dots  in  the  near-infrared  region.  Further  re¬ 
search  along  this  direction  is  currently  in  progress. 

Experimental  Section 

Chemicals  and  PbS  Nanopartide  Synthesis 

Hexanes,  toluene,  octadecene  (ODE).  bis(trimethylsilyl)sulfide 
(TMS),  trioctylphosphine  (TOP),  oleic  acid  (OA).  ethanol,  and  metha¬ 
nol  were  purchased  from  Aldrich  and  used  as  received.  Oleic  acid- 


capped  PbS  nanoparticles  were  synthesized  in  our  lab  using  a  liter¬ 
ature  procedure  reported  by  Hines  and  Scholes.'6  The  synthesized 
PbS  nanoparticles  were  dispersed  in  toluene. 

The  size  of  PbS  could  be  controlled  by  the  ratio  OA/ODE,  injection 
and  particle  growth  temperatures.  For  synthesizing  small  PbS 
nanopartides,  PbO  (0.09  g),  OA  (025  mL),  and  ODE  (3.75  mL)  were 
added  into  a  3-neck  reaction  flask  with  vigorously  stirring  under 
a  continuous  flow  of  argon  (Ar)  gas  at  150:C  for  1  h.  Afterwards, 
42  pL  TMS  in  2  mL  TOP  was  quickly  injected  into  the  system.  The 
temperature  was  controlled  around  70  -  90  C  and  the  reaction  was 
carried  out  for  another  hour.  For  synthesizing  large  PbS  nanoparti¬ 
cles.  PbO  (0.09  g),  ODE  (5  mL),  TOP  (2  mL)  and  OA  {05  mL)  were 
added  into  the  reaction  flask  under  Ar  flow  at  150:C.  A  TMS 
(16  pL)  in  TOP  (1  mL)  solution  was  then  injected  into  the  flask  for 
the  chemical  reaction  to  take  place.  The  particle  growth  tempera¬ 
ture  was  controlled  at  120-130°C  for  1  hr.  More  detailed  informa¬ 
tion  can  be  found  in  ref.  (6]. 

Deposition  of  PbS  Nanopartides  Using  Sc-C02 

The  Sc-C02  deposition  process  was  carried  out  using  a  35.3  mL 
high-pressure  stainless  steel  chamber.  Carbon-coated  copper  grids 
or  pieces  of  a  Si  wafer  were  immersed  in  a  metal  sulfide  nanoparti- 
cle/toluene  solution  placed  in  a  small  vial.  The  chamber  was 
charged  with  liquid  C02  (60  atm)  at  room  temperature  over 
a  period  of  10  min  and  then  the  pressure  was  raised  to  /Oatm. 
The  system  was  then  heated  to  40  SC  to  convert  the  liquid  carbon 
dioxide  to  the  supercritical  fluid  phase.  At  this  time  the  pressure 
inside  the  chamber  was  about  145  atm.  The  ISCO  pump  then 
slowly  raised  the  pressure  up  to  160  atm  in  the  chamber.  The  high 
pressure  apparatus  was  left  at  this  condition  (40^  and  160  atm) 
for  30  min  to  reach  an  equilibrium  state.  The  reason  for  increasing 
the  pressure  from  145  atm  to  160  atm  is  to  ensure  the  system 
pressure  is  consistent  and  reproducible.  The  PbS  nanopartides  pre¬ 
cipitated  evenly  and  self-assembled  to  form  a  uniform  2D  arrays 
on  the  TEM  copper  grid  during  the  Sc-C02  phase.  The  method  was 
reported  previously  for  making  gold  nanoparticle  arrays  on  Si  sur¬ 
faces.1232439  The  particles  are  probably  deposited  by  a  gas-antisol- 
vent  (GAS)  mechanism  described  previously  in  the  literature, >u,: 
where  an  increasing  amount  of  C02  alters  the  polarity  of  the  tolu¬ 
ene  solvent  rendering  it  unfavorable  for  particle  stabilization  in  the 
colloid,  which  results  in  particle  precipitation  from  solution. 

The  oleic  acid-protected  PbS  nanopartides  can  also  form  arrays  on 
the  TEM  copper  grids  immersed  in  the  toluene  solution  under  at¬ 
mospheric  pressure.  However,  the  benchtop  solvent-evaporation 
process,  due  to  high  surface  tension  at  the  liquid/vapor  interface, 
can  lead  to  imperfect  nanopartide  ordering  forming  isolated  is¬ 
lands,  percolating  domains,  locally  high  particle  populations,  and 
uneven  surface  coverage.  30‘321 

An  apparatus  for  depositing  PbS  nanopartides  on  a  glass  surface 
in  Sc-C02  is  shown  in  Figure  5.  The  device  (Figure  5  b)  consists  of 
two  pieces  of  aluminum  plates  each  with  a  circular  opening  in  the 
center  (0.5  inch  diameter).  A  piece  of  glass  is  inserted  between  the 
two  aluminum  metal  plates  with  two  Teflon  O-rings  placed  on 
each  side  of  the  flat  substrate.  The  device  can  be  tightened  by 
turning  the  screws  located  in  each  corner  of  the  metal  plate.  The 
O-rings  placed  on  both  sides  of  the  flat  substrate  prevent  leaking 
of  nanoparticle  solution.  After  loading  a  certain  amount  of  the  PbS 
nanopartide  solution,  the  device  was  placed  in  the  Sc-C02  reactor 
(Figure  5  a)  at  40  C  and  160  atm  for  about  30  min.  Because  Sc-C02 
has  near  zero  surface  tension,  uniform  nanopartide  films  (Fig¬ 
ure  5  c)  of  different  thickness  can  be  formed  using  this  device. 
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Instruments  and  Measurements 

Carbon-coated  copper  grids  purchased  from  Ted  Pella  were  used 
to  prepare  samples  for  particle  size  determination  from  TEM 
images.  The  TEM  samples  were  prepared  by  depositing  a  4pL 
drop  of  the  stabilized  metal  sulfide  solution  onto  the  grid  or,  if 
a  higher  density  of  nanoparticless  was  needed,  by  sequentially 
adding  another  drop  after  the  first  drop  had  dried.  A  Phillips 
CM  200  LaBe  (Lanthanum  Hexaboride  Cathode)  transmission  elec¬ 
tron  microscope  operating  at  200  kV  was  used  for  both  low  and 
high  resolution  imaging.  The  average  size  of  the  PbS  nanoparticles 
was  obtained  from  the  TEM  images  by  measuring  at  least  300  par¬ 
ticles  using  the  ImageJ  software.  The  electron  diffractions  of  the 
metal  sulfide  particles  were  also  measured  by  the  Phillips  CM  200 
LaB0  TEM.  SEM  images  were  collected  with  a  Sirion  instrument 
manufactured  by  FEI,  Inc.  The  following  parameters  were  used  for 
the  SEM  field  emission  gun  (FEG):  an  accelerating  voltage  of  10  kV, 
a  spot  size  of  3,  and  a  working  distance  of  -4.5  mm.  Powder  XRD 
patterns  were  recorded  on  a  Bruker  D&Advance  X  ray  powder  dif 
fractometer  with  a  graphite  monochromatized  Cu^  (A  = 
0.15406  nm)  source.  A  scanning  rate  of  0.05° s-'  was  applied  to 
record  the  pattern  in  the  26  range  of  10-90°.  UV/Vis  near-infrared 
(NIR)  spectra  of  PbS  nanoparticles  were  obtained  using  a  Cary 
5000  Varian  UV/Vis  NIR  spectrophotometer  scanning  from  200  to 
1800  nm.  Fluorescence  spectra  were  measured  with  a  Horiba  Jobin 
Yvon  Nanolog  916B  spectrometer  equipped  with  an  IGA  512 
InGaAs  near-IR  detector. 
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ABSTRACT 

We  investi  gated  the  temperature  dependence  of  the  Stokes  shift  of  PbS  quantum  dots 
(diameter  4.7  nm)  deposited  from  solution  on  glass  using  a  specially  designed  apparatus.  By 
measuring  the  thermal  alteration  of  the  optical  absorbance  and  photoluminescence  in  the  range  of 
5  K  300  K,  we  demonstrate  that  the  Stokes  shift  shrinks  from  135  meV  at  5  K  to  62  meV  at 
300  K.  Extrapolation  of  the  data  presented  predict  an  elimination  temperature  of  the  Stokes  shift 
of  about  460  K,  corresponding  to  the  thermal  energy  of  the  sum  of  prominent  PbS  phonon 
energies. 

INTRODUCTION 

Lead  Sulfide  quantum  dots  (QDs)  have  attracted  considerable  attention  owing  to  the  narrow 
direct  band  gap  (0.41  eV)  and  large  exciton  Bohr  radius,  providing  an  excellent  system  for 
studying  quantum  confinement  effects  [  1  ].  However,  despite  these  extensive  studies  there  are 
still  opportunities  to  further  understanding  of  the  physics  of  the  optical  properties  associated  with 
the  confined  states.  One  such  topic  is  the  understanding  of  the  origin  of  the  Stokes  shill  between 
the  peaks  of  photoluminescence  (PL)  and  optical  absorbance  (OA)  of  PbS  QDs.  llie  PI,  of  PbS 
QDs  has  been  studied  intensively  during  the  previous  years,  where  particular  attention  was  paid 
to  the  thermal  shift  of  the  emission  spectra  [  2-  5 1 .  In  addition,  some  of  the  works  compare  both 
the  room  temperature  absorption  [3,5,6]  and  the  absorption  at  cryogenic  temperatures  [5,7,8] 
with  the  PI,  spectra  and  show  a  redshift  of  the  PL  with  respect  to  the  absorption  edge.  'ITiis 
separation  is  referred  to  as  the  Stokes  shift  and  is  usually  attributed  to  multi-phonon  driven 
energy  relaxations  into  the  dark  excition  state  before  luminescent  transitions  occur  [9],  The 
influence  of  the  size  [7,9]  and  stoichiometry  [9]  on  the  Stokes  shill  was  studied  for  PbS  QDs  but 
not  its  temperature  dependence  S(7).  Ilie  analysis  of  S (T),  which  is  of  considerable  importance 
for  further  understanding  of  the  PL  transition  and  the  realization  of  technological  applications 
including  anti-Stokes  cooling  [10],  is  presented  in  this  paper. 

EXPERIMENTAL  DETAILS 

The  PbS  QDs  used  in  this  study  were  synthesized  in  organic  solvents,  with  oleic  acid  as  a 
capping  agent,  based  on  a  method  published  in  the  literature  [1 1] .  The  synthesis  starts  with  the 
reaction  of  PbO  with  oleic  acid  to  form  lead  oleate  by  heating  oleic  acid  with  PbO  in  a  round 
bottom  flask  under  Ar  atmosphere  while  stirring.  The  temperature  was  kept  at  1 50  °C  for  1  hr. 
After  this,  a  sulfide  source,  6/Xtrimethylsilyl)  sulfide,  was  injected  into  the  system  and  the 
reaction  mixture  was  allowed  to  ripen  for  1  hr  at  100  °C.  The  PbS  sample  was  then  washed  with 
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methanol,  which  removed  the  excesses  of  oleic  acid  and  octadecene.  The  QDs  were  dried  by  a 
stream  of  N;  and  then  dissolved  in  toluene.  The  size  of  the  PbS  QDs  can  be  altered  by  changing 
the  oleic  acid/octadecene  ratios  and  also  can  be  controlled  by  changing  injection  and  grow  th 
temperatures  [11]  during  the  synthesis. 

Using  this  process,  PbS  QDs  of  different  sizes  have  been  selectively  synthesized  and 
deposited  utilizing  different  deposition  approaches  in  order  to  create  thin  films  and  close-packed 
arrays.  For  this  study,  PbS  QDs  with  a  diameter  of  ~  4.7  nm  wrere  used,  motivated  by  the  room 
temperature  emission  wavelengths  in  the  range  1.3  gm-1 .55  gm,  which  is  important  for 
telecommunication  applications.  Indeed,  the  absorbance  peak  of  the  PbS  solution  used  to  form 
the  films  took  place  at  around  1330  nm  (0.932  cV)  at  300  K. 

The  high-rcsolution  transmission  electron  microscopy  (HRTEM)  image  of  the  QDs  is  shown 
in  Fig.  1  a  and  the  powder  x-ray  diffraction  (XRD)  patterns  of  the  dots  -  in  comparison  to  the 
galena  standard  positions  -  are  shown  in  Fig.  1  b.  We  chose  to  investigate  the  PL  properties  of 
the  PbS  QD  film  formed  on  glass  employing  solvent  evaporation  deposition  to  avoid  any 
interference  of  the  substrate  with  the  optical  properties.  Employing  the  straightforward  solvent 
evaporation  deposition  process,  drying  starts  in  the  center  causing  the  pale  spot  known  as  "coffee 
ring"  (Fig.  1  c).  The  homemade  apparatus  for  deposition  consists  of  two  aluminum  plates,  each 
w'ith  a  circular  0.5-inch  opening  in  the  center  (Fig.  1  d).  A  piece  of  glass  is  inserted  between  the 
plates  with  two  Teflon  o-rings  placed  on  each  side  of  the  glass  substrate  in  order  to  prevent 
leaking  of  the  QD  solution.  The  sample  was  formed  by  mixing  70  gL  of  PbS  QDs  (40  mg/niL, 
diameter  4.7±0.5  nm)  with  200  gL  toluene  solvent.  After  keeping  the  PbS  toluene  solution  in  the 
dark  for  approximately  30  min  at  room  temperature,  the  solvent  was  evaporated  and  the  dry 
PbS/glass  sample  was  removed  from  the  holder. 


Figure  1.  (a)  HRTEM  of  PbS  nanoparticlcs,  (b)  X-ray  diffraction  pattern  of  the  PbS  QDs,  (c) 
the  formed  PbS  QDs  on  glass  (the  diameter  of  PbS  QD  film  is  about  0.5  inch),  and  (d)  the 
homemade  solvent  deposition  apparatus. 
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The  PL  and  OA  measurements  were  carried  out  with  two  BOMEM  Fourier  transform 
spectrometers  (standard  and  high-resolution).  The  PL  was  excited  with  the  continuous  wave  (cw) 
532  nm  emission  of  a  solid-state  laser  keeping  the  intensity  at  about  5  W/errf .  ITic  sample 
emission  was  detected  with  an  InSb  detector  attached  to  the  standard  BOMEM  and  the  sample 
temperature  was  controlled  by  an  optical  closed-cycle  cryostat.  The  OA  spectrum  of  the  sample 
was  determined  via  the  transmittance,  using  the  internal  globar  source  of  the  high-resolution 
BOMEM  in  conjunction  with  the  same  InSb  detector.  The  OA  was  calculated  using  log (Joll), 
where  /o  is  the  impinging  light  intensity  and  I  is  the  transmitted  light  intensity.  'Ihe  sample 
temperature  was  again  regulated  with  an  optical  closed-cycle  cryostat. 


DISCUSSION 

Figure  2  shows  the  PL  and  OA  spectra  measured  at  5  K  for  the  thin-film  of  PbS  QDs  on 
glass.  A  clear  Stokes  shift  of  1 35  meV  is  observed.  This  is  comparable  to  the  1 50  mcV  Stokes 
shift  at  1 0  K  reported  by  Zhang  and  Jiang  for  4.2  nm  PbS  QDs  on  sapphire  [7],  At  room 
temperature  our  measured  Stokes  shift  was  only  62  meV.  In  Figure  3  the  measured  PL  and  OA 
peak  positions  are  plotted  over  the  entire  range  from  5  K  to  300  K.  Clearly,  the  separation 
between  the  PL  and  OA  peak  positions  decreases  as  the  sample  temperature  is  increased.  In  order 
to  understand  the  origin  of  the  temperature  dependence  of  the  Stokes  shift,  we  first  consider  the 
temperature  dependence  of  the  OA  and  PI,  peaks  separately. 
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Table  I.  Fitting  parameters  for  the  fits  in  Figure  3  done  with  Eq.  (1) 
Measurement _ fcV") _ .1  fmeV") _ •  /.'p  (me  Vi 

OA  0.922  23.4  15.5 

PL _ 0.787 _ J12 _ 1T5 


For  the  current  work,  the  thermal  band  gap  shift  EXT)  is  the  key  parameter.  We  use  for  this 
purpose  the  expression  of  Fan  [12], 


£g(7)=Eg(0)+^/{exp(<£-p>/A7j-l }, 


(1) 
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where  /ig(0)  is  the  low  temperature  limit  of  the  band  gap  energy,  A  is  the  Fan  parameter,  which 
depends  on  the  microscopic  material  properties,  <EP>  is  the  average  phonon  energy  responsible 
for  the  band  gap  variation,  and  kT  is  the  thermal  energy.  The  two  sets  of  data  were  fit  using  Fq. 
(1)  but  required  different  fitting  parameters.  The  fitting  parameters  are  displayed  in  Table  I. 
There  is  good  agreement  between  the  averaged  <EP>  (=14.5  mcV)  of  these  two  fits  and  the  value 
for  bulk  PbS  (14  meV)  [3,13].  However,  the  Fan  parameter  is  much  larger  for  the  PI,  fit.  'lliis 
highlights  a  difference  between  the  nature  of  the  states  involved  in  the  PL  and  OA  transitions. 


Temperature  ( K ) 

Figure  3.  The  symbols  show  the  measured  thermal  shift  of  the  PL  (□)  and  OA  (■)  peaks.  The 
dashed  lines  are  the  fits  using  Eq.  (1 ). 

For  PbS  QDs  capped  with  oleic  acid,  the  literature  indicates  that  the  PL  involves  a  trap  state, 
which  is  an  acceptor  state  on  the  QD  surface  caused  by  unpassivated  sulfur  1 1 4, 1 5 1.  Hence,  the 
difference  between  the  AO  and  PI,  peak  energies  arises  from  the  different  processes  involved  in 
the  two  transitions:  The  OA  process  involves  excitation  from  the  hole  confined  state  (h  1 )  to  the 
electron  confined  state  (el),  while  the  PI-  process  involves  recombination  of  an  excited  electron 
with  a  lower  energy  hole,  as  illustrated  in  Fig.  4.  If  the  holes  were  in  the  hi  state  then  the  emitted 
photon  energy  would  coincide  with  the  absorption  energy.  For  a  Stokes  shift  to  occur,  the  e-h 
recombination  must  take  place  at  a  lower  energy  state.  For  1-2  nm  PbS  QDs,  Femee  el  al. 
reported  that  the  trap  state  was  at  least  375  meV  below  the  bulk  PbS  valence  band  edge  [14].  The 
surface  trap  energy  is  known  to  vary  with  QD  sizes  [15],  For  our  4.7  nm  QDs  the  Stokes  shift 
can  be  fit  assuming  hole  trap  states  around  200  meV  below  the  bulk  valence  band,  as  outlined  in 
detail  in  Fig.  4.  There  are  reports  of  very  small  Stokes  shilts  (~10  meV)  at  room  temperature  for 
well-passivated  PbS,  indicating  that  the  surface  states  arc  an  important  factor  in  the  measured 
Stokes  shift  [11,16], 

In  order  to  better  visualize  the  temperature  dependence  of  S(7).  the  energy  difference 
between  the  OA  and  PI,  peaks  is  plotted  versus  T  in  Figure  5.  Considering  the  good  fit  with  F,q. 

(1 )  for  the  PL  and  OA  data  in  Figure  3,  the  formula  fitting  S(7)  ought  to  be  an  expression  like 
Eq.  (1).  We  advocate  the  following  expression  for  S(7): 
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Figure  4.  Schematic  of  the  OA  and  PL 
transitions  with  hole  trap  states  tied  to  the 
bulk  PbS  valence  band  edge.  Hie  shift  of  the 
trap  state  with  temperature  results  in  the 
temperature  dependence  of  the  Stokes  shift. 


S(7>S(0>C/{exp(<£,p>/W>l})  (2) 

where,  S(0)  is  the  Stokes  shift  at  temperatures  approaching  0  K,  C  is  a  constant,  and  <EV>  is 
again  the  average  phonon  energy. 

The  dotted  line  in  Figure  5  shows  the  fit  of  the  data  with  Eq.  (2)  using  the  fitting  parameters 
ofS(0)-0.135  eV,  <£'p>—  1 4. 5  meV  and  C=60.2  meV.  At  low  temperatures  <100  K,  the  dotted 
line  matches  the  data  better  than  at  higher  temperatures  suggesting  that  at  cryogenic  temperatures 
the  average  phonon  energy  is  responsible  for  the  thermal  variation  of  absorption  and  luminescent 
transitions.  At  higher  temperatures,  however,  multi-phonon  processes  contribute  to  S(7). 


Temperature  (K) 

Figure  5.  The  difference  between  the  energies  of  the  OA  and  PL  peaks  in  Figure  3.  The  dotted 
line  is  the  fit  using  <EP>  14.5  meV,  S(0)  135  meV,  and  C  60.2  meV  in  Eq.  (2). 
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Equation  2  allows  the  calculation  of  the  critical  temperature  Tc  where  S(7'c)  0,  i.e., 
<E> 

T.  = - ^ (3) 


V 


k\n\ 


~+  1 

j 


where  k  8.62xl0'5  eV/K,  and  we  find  that  T  457  K,  corresponding  to  kT  39.4  meV.  It  is 
evident  that  more  work  needs  to  be  done  in  order  to  achieve  a  clear  understanding  of  the 
reduction  of  the  Stokes  shift  with  increasing  temperature,  but  we  note  that  this  number  matches 
quite  well  the  sum  of  <£^>=14.5  meV  and  the  phonon  energy  £lo(0=26  meV  [2],  We  have  just 
begun  with  the  systematic  analysis  of  PbS  QDs  prepared  with  different  methods  on  various 
substrates  and  will  carry  out  further  experiments  at  elevated  temperatures. 

In  conclusion,  we  studied  the  temperature  dependence  of  the  Stokes  shift  of  PbS  QDs.  The 
thermally  induced  shifts  of  the  OA  and  PL  peaks  were  fit  with  the  Fan  equation.  Similarly,  the 
energy  difference  between  these  two  peaks  can  be  equivalently  well  fit  with  an  equation  of 
identical  structure.  At  temperatures  <100  K,  S (T)  is  related  to  the  bulk  average  phonon  energy 
(~1 4  me  V),  while  a  trap  model  was  required  to  explain  the  observed  values  of  S(7).  The  data 
collected  up  to  300  K  predict  the  existence  of  a  critical  temperature  around  460  K,  where  no 
Stokes  shift  takes  place,  corresponding  to  the  sum  of  two  prominent  phonon  energies. 
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ABSTRACT 

The  manuscript  summarizes  our  current  research  on  PbS  quantum  dots.  The  emission  and  transmission  features  in  the 
temperature  range  of  5  K  -  300  K  of  4.7  nm  PbS  quantum  dots  were  investigated  and  theoretically  analyzed  with  the  Fan 
model,  which  is  based  upon  the  phonon-electron  interaction.  The  model  -  although  designed  for  bulk  semiconductors  - 
apply  for  quantum  dots  with  the  potential  to  determine  fundamental  properties  such  as  the  Debye  temperature. 

Keywords:  PbS  quantum  dots,  Fourier  spectroscopy,  photoluminescence,  absorption,  Fan  model,  Debye  temperature 


1.  INTRODUCTION 

The  investigation  of  structures  with  dimensions  in  the  nm  regime,  such  PbS  quantum  dots  (QDs),  has  been  an  active 
research  topic  since  almost  twenty  years  [1  ].  Much  of  the  interest  is  based  on  possible  optical  device  applications,  which 
frequently  require  an  intense  photoluminescence  (PL)  output.  Hence,  the  PL  properties  of  PbS  QDs  caused  an  outburst 
of  publications  [2-11],  while  -  among  others  -  the  specifics  of  the  studies  cover  the  PL  efficiency  [2],  surface  states  [5], 
line  width  of  the  emission  [6],  temporally  resolved  PL  [9],  and  the  thermal  dependence  of  the  PL  and  transmittance  (TR) 
spectra  [11].  Based  on  our  previous  work  [11],  this  paper  summarizes  and  continues  our  theoretical  analysis  of  the 
thermally  induced  band  gap  shift  of  colloidal  PbS  QDs  deposited  on  glass.  In  particular,  it  is  demonstrated  that  a  model 
based  on  thermodynamics  and  a  microscopic  parameter,  which  includes  basic  material  constants  such  as  permittivity  and 
effective  carrier  masses  describes  the  thermal  behavior  extremely  well.  The  work  further  enlightens  the  possibility  to  use 
the  thermal  band  gap  shift  of  QDs  to  determine  the  Debye  temperature. 

2.  SAMPLE  PREPARATION  AND  OPTICAL  MEASUREMENTS 

The  sample  was  prepared  in  the  following  way:  The  QDs  have  been  dissolved  in  toluene  and  capped  with  oleic  acid  and 
the  solution  was  dispersed  on  glass  using  a  specifically  designed  mount  consisting  of  two  aluminum  plates  separated  by 
Teflon  o-rings  [11],  After  30  minutes  at  ambient  conditions  in  the  dark,  the  solvent  evaporated  and  the  coating  became  a 
solid  colloid.  The  usual  “ring-like”  appearance  of  QD  films  prepared  in  this  way  indicates  a  variation  of  the  film 
thickness,  i.e.,  with  increasing  particle  coverage  towards  the  outside  of  the  ring.  The  average  size  of  the  dots  was 
determined  to  be  4.7  (±0.5)  nm. 

For  the  optical  measurements,  BOMEM  Fourier  transform  infrared  (FTIR)  spectrometers  were  employed.  The 
technique  differs  considerably  from  the  probably  more  common  and  known  method  incorporating  monochromators; 
FTIR  spectrometers  consist  basically  of  an  interferometer  (beamsplitter,  a  fixed  mirror,  and  a  moving  mirror)  including  a 
reference  laser  and  an  attached  detector.  The  capability  of  dynamic  calibration  mechanism  during  scanning  due  to  the 
generated  harmonic  modulation  of  the  reference  laser  beam,  known  as  Comtes  Advantage,  is  the  benefit  of  FTIR 
spectrometer  with  respect  to  dispersive  instruments.  Employing  a  BOMEM,  the  optical  spectrum  of  the  sample  is  not 
measured  per  se,  i.e.,  the  production  of  the  result  is  done  by  mathematical  means.  By  exciting  the  sample  with  a  light 
source,  an  interferogram  that  has  all  the  frequencies  "encoded”  is  recorded,  and,  in  order  to  obtain  the  actual  emission  or 
transmission  spectrum,  the  signal  is  translated  from  the  time  domain,  corresponding  to  the  moving  mirror  position,  to  the 
frequency  (energy)  domain  by  Fourier  transformation.  The  temperature  dependence  of  the  PL  and  TR  was  measured  by 
mounting  the  samples  in  an  optical  cryostat  hooked  up  to  a  temperature  controller.  Due  to  spectral  range  of  concern  (0.8 
eV  -1.0  eV),  an  InSb  detector  has  been  attached  to  the  BOMEM.  The  optical  excitation  for  the  PL  experiments  was 
performed  with  a  continuous  wave  (cw)  solid-state  laser  emitting  at  532  nm.  The  impinging  laser  intensity  on  the  sample 
surface  did  not  exceed  5  W/cm2,  while  the  TR  data  were  collected  by  using  the  internal  globar  source  of  the  BOMEM 
spectrometer. 


Quantum  Dots  and  Nanostructures:  Synthesis,  Characterization,  and  Modeling  IX, 
edited  by  Kurt  G.  Eyink,  Frank  Szmulowicz,  Diana  L.  Huffaker.  Proc.  of  SPIE  Vol.  8271, 
8271 0 A  ■  ©  2012  SPIE  ■  CCC  code:  0277-786X/12/S18  •  doi:  10.1117/12.905980 

Proc.  of  SPIE  Vol.  8271  82710A-1 


16 

Approved  for  public  release;  distribution  unlimited. 


3.  EXPERIMENTAL  AND  THEORETICAL  RESULTS 

Besides  the  fairly  long  time  PbS  QDs  have  been  in  the  focus  of  basic  research,  the  PL  properties  reported  in  the  literature 
were  cumbersome  regarding  the  comparability  of  the  published  results.  Even  more  notable,  no  attempts  have  been 
addressed  in  order  to  explain  the  different  PL  results  of  PbS  QD  systems.  For  example,  almost  constant  PL  peak  energies 
vs.  temperature  were  reported  [7],  while  in  other  papers  a  bulk-like  behavior  of  the  thermal  PL  peak  shift  was  observed 
[9,10].  In  context  with  the  thermal  influence  on  the  emission  properties,  the  question  arose  whether  the  common 
description,  such  as  the  well-known  Varshni  equation,  which  is  frequently  used  for  bulk  semiconductors,  applies  for  PbS 
QDs  [9],  Detailed  analysis  of  the  subject  revealed  that  it  is  indeed  justified  to  describe  the  thermal  band  gap  variation 
with  a  theory  developed  for  bulk  semiconductors  -  however,  not  necessarily  with  the  Varshni  relation.  As  early  as  1951 
[12],  Fan  derived  a  formula  based  on  the  electron-phonon  coupling,  which  given  by, 

Et(T)=Es(0)+A!{exp(<E^>/lcT)-\ },  (1) 

where,  £(0)  is  the  extrapolated  PL  peak  (or  TR  minimum)  energy  at  T=0  K,  A  is  the  Fan  parameter,  <£p>  is  the  average 
phonon  energy,  which  is  involved  in  the  band  gap  alteration,  and  kT  is  the  thennal  energy  reflecting  the  ambient 
temperature.  Typically,  PbS  shows  for  lower  temperatures  (<50-80  K)  a  nonlinear  upturn,  and  at  higher  temperatures  the 
peak  shift  reveals  a  linear  dependence  on  the  temperature.  Figure  1  shows  the  thermal  shift  of  the  TR  minimum  and  the 
PL  peak  for  the  sample.  The  symbols  show  the  actual  position  and  the  dotted  lines  were  calculated  with  Eq.  (1).  The 
fitting  parameters  are  summarized  in  Table  1 .  The  parameter  will  be  discussed  later  in  the  text  Figures  2  and  3  show 
corresponding  spectra  for  selected  temperatures. 


Figure  1.  TR  minima  and  PL  peaks  vs.  temperature. 


Table  1.  Fit  parameters  used  in  Eq.  (1). 


Measurement 

£8(  0)(eV) 

A  (eV) 

<EP>  (eV) 

@D  (K) 

TR 

0.9223±0.0003 

0.023440.0039 

0.0155±0.0019 

1 80±22 

PL 

0.787±0.002 

0.072040.0168 

0.0132±0.0024 

1 53±28 
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Energy  (eV) 

Figure  2.  PL  spectra  at  5  K,  100  K,  200  K,  and  300  K. 


Figure  3.  TR  spectra  at  8  K,  100  K,  200  K,  and  300  K. 
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We  found  the  answer  to  the  discrepancies  of  the  thermally  induced  PL  peak  shifts  in  the  literature.  PL 
experiments  carried  out  specifically  with  lasers  potentially  “overexcite”  the  samples  leading  to  extrinsic  temperature 
dependences  of  the  band  gap.  Reliable  data  are  achieved  by  TR  measurements  performed  with  comparably  low 
intensities,  such  as  the  emission  of  a  globar.  Laser  excited  PL  data  closer  to  the  intrinsic  material  features  (at  least 
regarding  the  common  shape  of  the  thermal  band  gap  dependence)  can  be  collected  by  keeping  the  impinging  laser 
power  as  low  as  possible,  i.e.,  close  to  the  PL  threshold  at  300  K  -  for  the  current  sample  it  was  about  5  W/cm2. 

We  note  that  the  Eq.(l)  doses  not  take  into  account  the  volume  alteration  with  temperature.  However,  this  effect 
is  only  10-20%  of  the  entire  thermally  induced  band  gap  variation  -  and  as  pointed  out  by  Vainshtein  et  al  .  [13]  -  for 
higher  temperatures  the  Fan  parameter  /]  obtained  by  the  fit  considers  both:  The  electron-phonon  interaction  and  the 
thermal  expansion.  We  further  note  that  A  itself  is  an  energy,  which  is  widely  temperature  invariant,  expressed  by 
[13,14], 


A  =  -7TT(mo  <Et  >)1/JT“ 
■Jlh  p  4ne 


1/2 

(  v/2l 

me 

+ 

U.  So) 

UoJ 

(2) 


where,  e  (=1.602x1 O'19  As)  is  the  elementary  charge,  ti  (=1.054xl0‘34  Js)  is  Planck’s  constant  divided  by  In,  mo 
(=9.11xl0‘31  kg)  is  the  free  electron  mass,  £(=8.854xl0'12  As/Vm)  is  the  vacuum  permittivity,  £o  (=150)  is  the  static  and 
(=16.8)  is  the  high  frequency  dielectric  constant  [1 1],  and  m e  (=0.080)  and  mi,  (=0.075)  is  the  effective  electron  and 
hole  mass  [11],  For  the  bulk  PbS  phonon  energy  (=14  meV)  [9],  Eq.  (2)  gives  ,4=0.0128  eV,  which  is  in  acceptable 
agreement  with  the  A  value  for  the  TR  measurements  (0.0234  eV)  in  table  1 .  Figure  4  visualizes  Eq.  (2)  as  a  function  of 
<£p>.  The  A  value  of  the  PL  data  fit  (0.0720  eV)  is  way  off  indicating  that  the  PL  analysis  is  less  reliable  than  the 
conclusions  based  on  TR  data. 


<E  >  (eV) 

p 

Figure  4.  The  Fan  parameter/!  as  a  function  of  the  average  phonon  energy  <Ep>.  A  Fan  parameter  of  0.0720  eV 
(see  PL  fit  in  table  1)  would  require  unrealistic  large  phonon  energies. 
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We  discuss  now  the  fitting  parameter  6b  in  table  1 .  The  values  were  calculated  with  6h=<£,p>/fe,  where  k  is  the 
Boltzmann  constant  It  was  pointed  out  in  Ref.  [11]  that  6fa  corresponds  to  the  Debye  temperature  showing  fair 
agreement  with  the  6b  data  of  bulk  PbS.  We  further  note  that  both  measurements,  TR  and  PL,  by  considering  the  error 
bars,  delivered  a  common  overlap  pointing  clearly  to  a  value  of  around  1 80  K.  That  overlap  of  the  fitting  parameters  was 
not  achieved  with  the  Varshni  equation  [1 1],  As  a  consequence,  we  conclude  that  fits  with  the  empirical  Varshni  formula 
do  not  reveal  the  correct  quantitative  information  about  the  QDs  -  the  same  conclusion  was  drawn  for  bulk 
semiconductors  [13], 

Specific  attention  deserves  the  ratio  Ala,  where  a  is  the  temperature  coefficient  of  the  linear  section  in  Fig.  1. 
Considering  a  the  TRdata  (from  table  1,  ,4=0.0234  eV,  and  oH.SxlO-4  eV/K  for  7>140K  [11])  the  empirical  formula, 

6b=<Ej>lk=  Al  a  (3) 

holds.  Intuitively,  Eq.  (3)  makes  sense  by  calculating  the  constant  6b  with  the  ratio  of  two  constants,  which  are  in 
relation  to  6b-  Nevertheless,  more  work  is  required  to  show  whether  Eq.  (3)  is  a  relation  of  generality  but  is  seems  that  it 
applies  for  semiconductors,  which  possess  a  linear  temperature  dependence  of  the  band  gap  above  200-250  K,  as  it  is  the 
case  here  and,  for  example,  for  GaAs  [11], 


4.  CONCLUSIONS 

FTIR  spectroscopy  on  PbS  QDs  was  performed  in  the  temperature  range  of  5  K  -  300  K.  The  Fan  model,  originally 
designed  for  bulk  semiconductors,  based  on  the  phonon-electron  interaction  describes  the  results  accurately.  It  appears 
that  the  model  can  be  used  for  the  determination  of  the  Debye  temperature  for  a  specific  “class”  of  semiconductors, 
which  overcome  the  nonlinear  thermal  band  gap  dependence  at  fairly  low  temperatures  (<250  K).  The  Fan  model 
independence  from  the  material  dimensions  is  explained  by  the  nature  of  the  Fan  parameter  ,4,  depending  on  microscopic 
parameters,  which  are  widely  unrelated  to  material  dimensions  and  temperature  variations.  Further  work  is  in  progress  to 
show  the  more  general  validity  of  the  Fan  model. 
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ABSTRACT 

Lead  sulfide  (PbS)  nanoparlicles  (NPs)  of  different  sizes  (2.0  nm  -  14.4  nm)  have  been 
synthesized  in  our  laboratory.  By  using  those  NPs,  we  formed  colloidal  films  on  glass  and  GaAs 
substrates  employing  a  specialized  supercritical  fluid  CO2  (SC-CO2)  deposition  method.  The 
deposited  films  contain  only  the  PbS  NPs  and  the  protecting  group  of  oleic  acids  and  require  no 
polymer  matrix.  lire  NP  films  are  solvent  free,  environmentally  stable,  and  show  good  adhesion 
to  the  substrates.  The  SC-CO2  deposition  process  can  deposit  films  ranging  in  thickness  from  a 
few  monolayers,  in  well  ordered  arrays,  up  to  0.5  um  or  greater.  'Hie  photoluminescence  (PL) 
properties  of  these  nano-structured  films  were  studied  with  Fourier  transformation  infrared 
spectroscopy  from  5  K  up  to  300  K. 

INTRODUCTION 

The  intrinsic  features  of  PbS  nanoparticles,  particularly  the  clearly  enhanced  quantum 
confinement  with  respect  to  other  attractive  semiconductors  such  as  CdTe  and  CdS,  has  boosted 
the  research  on  PbS  NPs  during  the  past  15  years  [1-5].  Particularly,  the  emission  properties 
have  attracted  considerable  attention  [  5-9].  While  many  of  the  PbS  colloidal  NPs  studied  have 
been  embedded  in  glass  or  polymer  matrices,  we  sought  to  develop  a  deposition  process  that 
could  be  compatible  with  standard  semiconductor  device  processing,  i.e.  a  cleaner  process  with 
less  solvent  residue  and  a  process  that  enables  close  contact  between  the  semiconductor  surface 
and  the  NPs.  We  employed  supercritical  fluid  CO?  processes  due  to  its  near  zero  surface  tension, 
the  ability  for  the  removal  of  solvents,  and  the  capability  to  arrange  NPs  in  ordered  arrays  [10- 
12]  -  a  task  difficult  to  achieve  by  traditional  solvent  deposition.  To  study  the  interactions  of 
PbS  NPs  with  semiconductor  substrates  colloidal  PbS  films  of  different  NP  diameters  are  highly 
useful.  Glass  substrates  were  used  as  control  samples  to  isolate  substrate  charge  transfer  effects. 
For  this  study  we  developed  both  PbS  NP  synthesis  and  deposition  processes  using  supercritical 
fluid  CO2.  PbS  nanoparticles  precipitate  evenly  and  self-assemble  to  form  a  uniform  2-D  array 
on  TEM  copper  grids,  glass,  and  GaAs  substrates  during  the  SC-CO2  deposition. 

EXPERIMENTAL  DETAILS 

PbS  QDs  of  different  sizes  have  been  selectively  synthesized  by  the  alteration  of  the 
following  parameters:  oleic  acid/octadecene  ratios,  injection  temperature,  and  growth 
temperature  [13]  during  the  synthesis.  The  TEM  images  of  various  PbS  NPs  synthesized  with 
this  process,  ranging  from  2.0  nm  to  14.4  nm  in  diameter,  are  shown  in  Figure  1  below. 
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Figu  re  1 .  TF.M  images  of  PbS  QDs  with  different  sizes, 
a:  size  =  14.4+1.6  nm,  b:  size  =  8.6+1. 1  nm, 
c:  size  =  4.8+0.54  nm,  d:  size  =  2. 8+0.3 1  nm 


Using  the  supercritical  fluid  CO2  high  pressure  system  (Fig.  2a)  with  our  homemade  sample 
deposition  apparatus  (Fig.  2b),  we  generated  thin  films  and  close-packed  arrays.  Samples  were 
fabricated  on  a  glass  substrate  to  avoid  any  electronic  charge  transfer  between  the  NPs  and  the 
inert  insulating  substrate.  We  developed  a  special  process  for  creating  uniform  NP  films  over  a  I 
cm  diameter  area  on  glass  slides  using  the  apparatus  in  Fig.  2b. 

The  sample  deposition  apparatus  consists  of  two  aluminum  plates,  each  with  2  circular  1  cm 
opening  in  the  center.  The  specific  design  enables  the  production  of  two  samples  by  deposition 
circle,  which  increased  the  coincident  characterization  activities  and  sample  output.  A  piece  of 
glass  was  inserted  between  the  plates  with  tw  o  Teflon  o-rings  placed  on  each  side  of  the  glass 
substrate  in  order  to  prevent  leaking  of  the  QD  solution.  40  pL  of  PbS  solution  (depending  on 
the  thickness  of  PbS  film  required)  at  concentration  of  10  pg/pl.  w  ere  spiked  into  200  pi.  toluene 
solvent,  followed  by  transferring  the  solution  prepared  into  the  sample  holder  in  Fig.  2b.  Using 
this  adapted  deposition  device,  the  particular  chemistry  of  the  SC-CO2  process  was  studied  and 
optimized  by  feedback  from  the  optical  characterization. 

The  SC-CO2  deposition  process  was  carried  out  using  a  35.3  ml.  high-pressure  stainless  steel 
chamber.  The  chamber  was  charged  with  liquid  CO2  (60  atm)  at  room  temperature  over  a  period 
of  10  min  and  then  the  pressure  was  raised  to  80  atm.  The  system  w'as  then  heated  to  40  °C  to 
convert  the  liquid  carbon  dioxide  to  the  supercritical  fluid  phase.  At  this  time  the  pressure  inside 
the  chamber  was  about  145  atm.  The  ISCO  pump  then  slow  ly  raised  the  pressure  up  to  180  atm 
in  the  chamber.  The  high  pressure  chamber  was  left  at  this  condition  (40  °C  and  180  atm)  for  30 
min  to  ensure  the  system  pressure  is  consistent  and  reproducible.  In  this  process  the  PbS  NPs  are 
precipitated  from  the  toluene  solution  by  a  gas-antisolvent  (GAS)  mechanism  described 
previously  in  the  literature  [1 1,14] ,  where  an  increasing  amount  of  CO2  alters  the  polarity  of  the 
toluene  solvent  and  it  becomes  unfavorable  for  particle  stabilization  in  the  colloid,  thus  resulting 
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in  the  particles  precipitation  from  solution.  Not  only  are  the  NPs  uniformly  deposited  on  the 
substrate  in  a  dense  film,  but  also  the  toluene  is  completely  removed  by  the  sc-CCL  cleaning 
process  [14,15].  Fig.  2c  shows  a  uniformly  formed  PbS  sample  with  an  areal  density  of  0.41 
mg/cm'  and  a  thickness  of  0.854  pm. 

A  different  deposition  process  was  required  for  the  more  fragile  GaAs  substrates.  In  this 
case,  small  pieces  of  heavily  doped  (5.2<  10l8-l  .4>=  10IQ  cm'3)  /9-type  GaAs:Zn  (0.5  x  0.5  cm3) 
were  immersed  in  a  metal  sulfide  nanoparticle/toluene  solution  placed  in  a  small  vial.  A 
schematic  diagram  of  this  process  is  shown  in  Fig.  2d.  Similar  sc-COi  process  conditions  as 
described  above  were  used  to  precipitate  the  PbS  nanoparticles  evenly  on  the p- GaAs  and 
remove  the  solvent  from  the  vial.  The  resulting  film  on  p-GaAs  is  shown  as  a  SEM  image  in 
Fig.  2e.  Unlike  a  benchtop  solvent  evaporation  process,  which  has  a  high  surface  tension  at  the 
liquid/vapor  interface  and  leads  to  imperfect  nanoparticle  ordering  forming  isolated  islands, 
percolating  domains,  locally  high  particle  population  and  uneven  surface  coverage  [15-17],  the 
SC-CO2  process  which  has  near  zero  surface  tension  leads  to  very  uniform  and  densely  packed 
films. 

For  the  PL  experiments,  the  sample  was  excited  with  the  continuous  wave  (cw)  emission  at 
532  nm  of  a  solid  state  laser  by  keeping  the  impinging  intensity  below  50  W/crn".  The  PL 
emission  was  detected  with  a  nitrogen  cooled  InGaAs  detector  attached  to  a  BOMEM  DA3  FTIR 
spectrometer.  In  order  to  measure  the  PL  spectra  at  cryogenic  temperatures,  the  sample  was 
mounted  in  a  closed  cycle  optical  helium  gas  cry  ostat  operating  in  the  range  5  k-  300  k. 


Figure  2.  Deposition  of  PbS  nanoparticles  in  supercritical  fluid  CO2 

(a)  supercritical  fluid  CO2  high  pressure  system,  (b)  home-made  sampling  apparatus  and  (c) 

deposited  film  using  supercritical  fluid  CCL.  (d)  schematic  diagram  of  PbS  deposition  on  GaAs 

substrate  in  sc-CCL  and  (e)  SEM  image  of  PbS  on  GaAs  substrate  using  sc-CCL  deposition 

method. 


DISCUSSION 
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The  traditional  way  to  synthesize  nanoparticles  in  our  lab  was  using  a  water-in-oil  based 
microemulsion  method  [10-12].  However,  the  microemulsion  technique  did  not  work  for 
synthesis  of  PbS  nanoparticles  according  to  our  experiments.  The  reason  is  likely  due  to  the  fact 
that  the  aqueous  chemistry  of  lead  ions  is  complicated  and  various  lead  species  can  exist  in  water 
depending  on  pi  I  value  and  redox  environment.  It  is  difficult  to  control  the  dissolved  lead  ions 
in  the  aqueous  solution  to  be  in  the  pure  Plv  state.  Therefore,  we  chose  to  fabricate  PbS 
nanoparticles  by  a  traditional  synthesis  in  organic  solvents  with  oleic  acid  as  a  capping  agent 

[13]. 

Figure  1  above  shows  TEM  images  of  PbS  with  different  sizes.  PbS  QDs  synthesized  as 
14.4  nm  are  cubic  lattice  structures  with  tendency  of  self  assembly  showing  a  very  ordered  array 
(Fig.  la).  The  14.4  nm  (Fig.  la)  and  8.6  nm  (Fig.  lb)  NPs  have  no  absorbance  features  in  near 
infrared  region.  'ITie  smaller  PbS  NPs,  4.8  nm  (Fig.  lc)  and  2.8  nm  (Fig.  Id),  show  strong 
absorbance  in  UV-Vis-NIR  region,  and  strong  PL  intensities  with  quantum  confinement  effects. 

Optical  microscope  image  results  (Figures  3a,  3b,  3c  and  3d)  demonstrate  the  surface 
coverage  features  of  the  films  on  glass  using  both  solvent  and  se-CO-,  deposition  methods. 
Apparently,  the  sc-CC>2  deposition  method  provides  a  more  featureless  surface  with  respect  to  the 
solvent  deposition  method.  Optical  images  generated  from  se-CO?  (Figures  3b  and  3d) 
demonstrate  uniform  and  even  coverage,  whereas  from  solvent  deposition  method,  coffee  cup 
ring  structures  were  shown  in  both  Figures  3a  and  3c. 

Our  XRD  spectra  indicate  the  PbS  films  have  extended  stability  and  PbS  XRD  pattern  of 
PbS  nanoparticles  agrees  very  well  with  the  standard  reference  data  (JCPDS)  for  PbS  galena 
structure,  after  nearly  2  year  period  of  shelf  life  time.  The  film  thickness  was  measured  with 
DckTak  6  M  Stylus  Profiler  instrument.  3000  pm  scan  length  was  used  for  a  standard  scan.  The 
average  scanned  height  corresponds  to  the  PbS  film  thickness,  for  instance,  the  film  thickness  in 
Figure  2c,  is  0.854  pm.  The  films  on  the  glass  deposited  by  SC-CO2  are  reasonably  adhered  to 
the  glass  surface  and  are  not  readily  removed  by  an  adhesive  tape. 


Magnification:  1.25X 


Magnification:  10X 


Figure  3.  Microscope  images  of  PbS  films  deposited  on  glass  substrates,  (a)  solvent  deposition  and  (b) 
sc-CC)2  deposition  at  magnification  of  1.25X.  (c)  solvent  deposition  and  (d)  sc-C02  deposition  at 
magnification  of  10X. 
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For  the  PL  study,  PbS  quantum  dots  (QDs)  with  diameters  of  4.7  nm  and  2.0  nm  were  used, 
motivated  by  the  room  temperature  emission  wavelengths  in  the  range  1.0  Jllm-1.55  pm,  which  is 
important  for  telecommunication  applications.  Indeed,  the  absorbance  peak  of  the  PbS  solution 
of  4.7  nm  QDs  used  to  form  the  films  took  place  at  around  1330  nm  (0.932  eV)  at  300  K.  'Hie 
optical  properties  of  the  PbS  nanoparticle  (4.7  nm  diameter)  films  were  measured  by  PL 
spectroscopy.  The  samples  fabricated  by  the  SC-CO2  deposition  process  showed  clearly 
detectable  room  temperature  emission  at  0.84  eV  (1470  nm),  which  is  blue-shifted  from  the  bulk 
value  at  0.41  eV  due  to  quantum  confinement  effect.  The  PL  wavelength  of  PbS  QDs  in  solid 
films,  versus  in  solution,  show  a  red  shift  with  increasing  concentrations. 

Figure  4  shows  the  emission  of  the  PbS//>GaAs  sample  at  5  K  and  300  K.  Die  spectra 
show  the  pronounced  PbS  QD  emission  and  the  photoluminescence  of  the  p-GaAs  at  a  low 
temperature  (5  K).  The  intensity  of  PL  emission  at  5  K  is  about  3  times  higher  than  that  at  room 
temperature  (300  K).  PbS  films  on  glass  and  a  GaAs  substrate,  formed  by  the  sc-COi  deposition 
method,  show'  a  strong  photoluminescence  intensity  attributed  to  the  narrow  particle  size 
distribution  and  homogenous  particle  morphology,  while  PbS  films  deposited  by  traditional 
solvent  deposition  method  have  weak  signal  intensities  attributed  to  particle  non-uniformity. 


E  nergy  (eV) 

Figure  4.  PL  of  the  PbS/p-GaAs  sample  at  5  K  and  300  K  excited  with  a  laser  intensity  of  18 
W/cm2.  The  emission  of  the  GaAs  substrate  was  observed  in  addition  to  the  PL  of  the  QDs. 

CONCLUSION 

PbS  QDs  in  different  sizes  were  synthesized  in  our  laboratory.  An  apparatus  for  depositing 
PbS  QDs  on  glass  substrates  employing  a  SC-CO2  solution  deposition  method  is  described.  The 
PbS  QDs  deposited  in  this  way  have  shown  improved  uniformity  and  a  good  coverage  in 
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comparison  with  conventional  solution  deposition.  PL  emission  of  the  PbS/p-GaAs  sample  at  5 
K  and  300  K  were  measured  in  this  study.  The  spectra  show  the  pronounced  PbS  QD  emission 
at  a  low  temperature  (5  K).  Ilic  intensity  of  PL  emission  at  5  K  is  about  3  times  higher  than  that 
at  room  temperature  (300  K).  PbS  films  on  glass  and  GaAs  substrate  fonned  by  the  sc-CO? 
deposition  method  show  strong  PL  intensity  attributed  to  the  narrow  particle  size  distribution  and 
homogenous  particle  morphology.  An  important  future  application  of  PbS  quantum  dots  will 
be  the  formation  of  optoelectronic  hybrid  devices.  Prospective  partner  for  these  hybrids  are  the 
III- V  compound  GaAs  and  related  semiconductors,  which  arc  the  current  main  players  in  the 
field  of  optoelectronic  devices. 
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ABSTRACT 

Centrifuge  enforced  precipitation  was  used  to  disperse  PbS  quantum  dots  (diameter  4.7  nm) 
on  polyethylene  terephthalate.  By  employing  double  frequency  Fourier  transform  spectroscopy, 
we  studied  the  emission  properties  of  the  sample.  Gaussian  shaped  emission  spectra  from 
cryogenic  temperatures  up  to  room  temperatures  were  observed,  demonstrating  the  potential  of 
PbS  quantum  dots  to  be  used  as  light  emitters  in  combination  with  organic  matrices.  One 
interesting  feature  is  that  the  linewidth  of  the  emission  spectrum  does  not  follow  the  expected 
thermal  broadening. 

INTRODUCTION 

Starting  in  the  1970s,  composites  of  various  inorganic  semiconductors,  which  fulfill  certain 
required  technological  functionalities,  have  been  developed,  further  matured,  and  successively 
employed  in  mass-market  electronic  and  optoelectronic  devices  [1,2].  These  heterogeneous 
materials  revolutionized  nearly  all  areas  of  life.  More  recently,  cost  effective  chemically  tailored 
hybrids,  i.e.,  the  combination  of  organic  and  inorganic  semiconductors  attributed  as  a  marriage 
of  convenience  -  attracted  growing  research  interest  about  ten  years  ago  [3,4],  Boosted  by  the 
envisaged  technological  impact  of  hybrid  nanoscience,  the  research  focused  on  the  chemical 
bonding  essentials  of  inorganic  (metals  and  semiconductors)  quantum  dots  (QDs)  on  polymetric 
surfaces  and  the  embedding  in  polymer  matrices  [5,6].  The  production  of  polymer-inorganic 
nanocomposites  (PINCs)  is  equally  motivated  by  economical  and  technological  reasons  [7|,  i.e., 
the  fairly  low  production  costs  of  polymers,  their  intrinsic  capability  of  “free-shaping”  combined 
with  their  low-weight  and  elasticity  are  an  extremely  attractive  host  for  inorganic  additives  in  the 
form  of  QDs.  Various  methods  are  used  to  produce  PINCs:  synthetic  techniques,  physical 
methods,  electrochemical  formation,  chemical  vapor  deposition,  and  electrophoretic  deposition 
[7-9].  Given  that  photoluminescence  (PL)  is  the  prerequisite  for  light  emitting  device  stnictures, 
the  PL  properties  of  various  QDs,  such  as  CdS,  CdTe  [10,11],  and  PbS  [  1 2- 1 4|,  have  been 
intensively  studied.  The  clearly  enhanced  quantum  confinement  with  respect  to  most  III-V  and 
II- VI  compound  semiconductors  [15],  explains  the  explicit  interest  in  QDs  of  the  IV- VI 
semiconductor  PbS.  In  this  article,  we  present  our  first  attempt  to  form  light  emitting  colloidal 
PbS  QD  films  on  polyethylene  terephthalate  (PET). 

EXPERIMENTAL  DETAILS 

A  commercial  solution  of  4.7  nm  PbS  QDs  in  toluene  with  oleic  acid  as  ligands  was  used  to 
fabricate  the  sample,  i.e.,  12.5  pL  of  the  PbS  QDs  in  a  toluene  solution  (40  mg/mL)  with  oleic 
acid  as  capping  reagents  were  added  to  5  mL  ethanol  in  an  8  rnL  sample  vial  with  the  PET 
substrate  on  the  bottom.  The  deposition  of  the  particles  from  the  solution  was  enforced  by  using 
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precipitation  in  a  centrifuge  deposition  method  (CDM)  for  8  min  at  3200  rpm.  Afterwards,  by 
removing  the  solution  and  drying  the  sample  in  air,  the  QD  film  was  obtained  (Fig.  la).  Thus,  in 
contrast  to  previous  works,  which  embedded  the  QDs  in  polymers  or  used  PET  as  a  carrier  for 
Fano  filters  containing  PbS  QDs  |5,6,10,16],  we  straightforwardly  created  a  QD  film  on  PET 
hybrid  material.  A  transmission  electron  microscope  (TEM)  image  of  colloidal  PbS  QDs, 
deposited  under  the  identical  conditions  as  for  the  PEI  substrate  but  on  a  copper  TEM  grid,  is 
shown  in  Fig.  lb.  'Ihe  TEM  image  reveals  the  random  nature  of  the  QD  deposition,  but  overall 
shows  a  fairly  continuous  film.  Because  the  deposition  process  is  due  to  centrifugal  force,  there 
is  no  mechanism  for  the  QDs  to  rearrange  into  close-packed,  uniform  layers  and  leads  to  partial 
clustering.  Overall,  at  optical  microscope  resolutions,  the  QD  film  appears  uniform  with  good 
coverage  of  the  (4.5  mm  by  4.5  mm)  PET  surface. 

We  do  not  know  the  bonding  specifics  between  the  QDs  and  the  PET  but  QDs  can  bind  to 
polymeric  surfaces  through  van  der  Waals  forces  [17],  hydrogen-bonding  [5],  electrostatic 
linkage  [18],  and  covalent  bonding  [7].  Furthermore,  ligand  stabilized  QDs  are  able  to  bond  to 
specific  sites  on  monomers  [  19],  To  test  for  weak  binding  processes,  like  van  der  Waals  and 
electrostatic  linkage,  we  attempted  to  remove  the  QDs  from  the  PET  through  several  processes. 
The  QD  films  did  not  peel  off  during  bending,  and  light  mechanical  abrasion.  For  instance,  the 
PbS  QD  film  did  not  come  off  with  a  scotch  tape  test  or  when  rubbed  with  a  cotton  tip,  indicating 
that  the  PbS  QD  film  on  PET  was  robust  enough  for  potential  device  applications.  One 
advantage  of  this  relatively  simple  deposition  process  is  that  it  creates  a  durable  QD  film  on  a 
flexible  substrate  in  which  the  QDs  are  readily  available  on  the  PET  surface  for  further 
functionalization  or  interaction  with  external  media.  In  addition,  the  QD  film  had  measurable 
light  emission  at  1348  nm  at  room  temperature  which  shows  promise  for  future  optical  devices. 
Ihe  emission  properties  of  the  QD/PET  hybrid  are  our  primary  interest. 


Figure  1.  (a)  Optical  microscope  image  of  PbS  QD  film  on  PET  (10X  magnification),  (b)  TEM 
image  of  PbS  QDs  on  a  TEM  copper  grid,  both  samples  fabricated  using  CDM. 

DISCUSSION 

For  the  PL  experiments,  the  optical  excitation  of  about  30  W/cm2  was  provided  by  the  532 
nm  continuous  wave  (cw)  emission  of  a  solid-state  laser.  The  PL  was  measured  by  a  double 
modulation  Fourier  transform  infrared  spectroscopy  (FTIR)  technique  [20].  The  double 
modulation  technique  was  necessary  due  to  the  rather  weak  PL  of  the  sample  at  room 
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temperature.  The  luminescence  was  measured  using  a  nitrogen  cooled  InGaAs  detector  and  a 
quartz  beamsplitter  in  the  Bomem  DA3  FTIR.  The  luminescence  was  measured  from  5  K  up  to 
300  K  using  a  closcd-cycle  refrigeration  cryostat  with  a  diamond  window. 

Figure  2  shows  the  PL  spectra  measured  at  5  K  and  300  K.  The  broken  line  represents  the 
measured  PL  intensity  /  as  a  function  of  the  emitted  photon  energy  h  v  and  the  solid  line  the  fit 
using  the  Gaussian  intensity  distribution, 

I(h  v)=A*exp(-(h  v-h  i'p)2/(2tv2)),  ( 1 ) 

where  A  is  the  peak  height,  h  rp  is  the  center  energy  of  the  PL  peak,  and  tv  defines  the  peak  width 
parameter,  which  is  related  to  the  lull-width  at  half  maximum  (FWHM)  by  FWHM=2.35xw. 
While  the  PL  emission  is  weaker  at  300  K,  as  expected,  the  decrease  is  less  than  an  order  of 
magnitude,  which  is  quite  good.  The  same  QD  starting  solution  when  dried  on  a  glass  substrate 
showed  a  much  larger  peak  shift  (100  meV)  and  intensity  drop  with  temperature  [21].  The  40 
ineV  PL  peak  shift  from  5  K  to  300  K  in  the  QD/PET  sample  is  comparable  to  the  30  meV  shift 
in  the  QD/glass  absorption  peak. 

'llicrc  arc  a  few  notable  differences  for  the  CDM  deposited  PbS  QDs  on  PET  and  other  QD 
films  formed  by  a  supercritical  CO2  fluid  process  or  solution  deposition  on  GaAs  and  glass, 
respectively.  [  13,14]  For  instance,  the  temperature  dependent  shift  of  the  PL  peak  energy  is 
linear  (see  Fig.  3)  versus  following  the  expected  Fan  equation  [14]  behavior,  especially  at  low 
temperatures  (<  50  K)  where  there  should  be  very  little  change  in  the  emission  line  energy.  litis 
linear  behavior  is  related  to  alterations  of  the  electronic  state  of  the  QDs  caused  by  the  laser 
irradiance  [14].  We  also  noticed  that  the  data  are  more  scattered  in  Fig.  3  than  other  fits  we  have 
reported.  Hence,  it  is  possible  that  colloidal  PbS  QDs  on  PET  substrates  are  subject  to  photo- 
induced  changes  under  laser  irradiation  more  than  PbS  QDs  on  inert  substrates  such  as  glass. 


Energy  (eV) 

Figure  2.  PI,  spectra  at  5  K  and  300  K.  The  broken  line  was  measured  and  the  solid  lines  represent  the 
fits  using  F.q.  (1). 
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Figure  3.  Peak  energy  position  vs.  temperature  evaluated  with  the  Gaussian  fits  using  Eq.  1 . 
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Figure  4.  PL  peak  intensity  (parameter  A  in  Eq.  1)  vs.  temperature  evaluated  from  the  Gaussian 
fits. 

altering  the  established  bonding  linkages  at  the  PET  surface  build-up  during  deposition.  It  seems 
that  the  organic  substrate  plays  an  active  part  in  the  thermal  properties  of  the  PI ,  spectra  of  PbS 
QDs.  On  the  other  hand,  the  PL  peak  intensity  vs.  temperature  in  Fig.  4  is  very  similar  to  the 
result  reported  for  PbS  QDs  on  glass  [22]. 

Another  notable  difierenee  for  the  CDM  deposited  PbS  QDs  on  PET  versus  other  QD  films 
we  previously  studied  is  the  PL  peak  FWHM  is  actually  narrower  at  300  K  than  at  5  K.  Ilie 
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result  is  unusual  because  it  differs  considerably  from  the  previously  reported  thermally  induced 
FWHM  broadening,  which  was  described  by  the  Bose  distribution  function  of  longitudinal 
optical  (LO)  phonons  [13,22,23],  The  FWIIM  docs  broaden  from  5  K  to  150  K  (sec  Fig.  5)  but 
then  begins  to  narrow  for  T  >  200  K.  'Iliere  are  very  few  mechanisms  that  could  potentially 
explain  a  narrowing  of  the  PL  FWHM  and  capable  of  negating  thermal  broadening.  The  question 
is  what  recombination  mechanism  dominates  at  higher  temperatures  that  is  not  a  factor  below 
200  K?  One  example  where  the  PbS  QD  environment  caused  a  reduction  in  the  PL  FWHM  is 
found  in  the  work  of  Lin  et  al.  [24],  who  investigated  the  PL  of  PbS  QDs  in  different  solutions 
including  methanol,  which  is  chemically  related  to  PET.  Hie  quantum  yield  of  PbS  QDs  in 
methanol  is  as  low  as  9  %,  while  a  quantum  yield  of  82  %  is  achieved  with  PbS  QDs  in  toluene, 
and  by  lowering  the  polarity  of  the  hosting  solution,  the  FWHM  of  the  PL  shrinks  [24],  hi  our 
case,  other  than  the  duration  of  laser  irradiation,  only  the  sample  temperature  was  changed  -  so  to 
have  a  similar  change  in  the  QD  environment,  an  alteration  in  the  charge  surrounding  of  the  QD 
is  required.  This  effect  might  occur  if  there  is  a  change  in  the  charge  trapping  at  the  QD  surface 
above  1 50  K.  However,  other  possible  temperature  dependent  mechanisms  need  to  be 
considered.  Exploring  the  cause  of  the  emission  line  width  nan  owing  is  left  to  further  studies. 
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Figure  5.  FWHM  dependence  of  the  PL  spectra  vs.  temperature:  'Hie  symbols  along  curve  (a) 
represent  the  FWHM  determined  from  the  PL  fits  using  Eq.  ( 1 ).  The  guide  for  the  eyes,  the 
dotted  line,  is  a  polynomial  fit.  The  broken  line  (b)  shows  the  calculated  expected  behavior  based 
on  the  Bose  distribution  function  of  longitudinal  optical  phonons  [13,22], 

CONCLUSIONS 

hi  conclusion,  we  have  demonstrated  that  the  merger  of  PbS  QDs  with  an  organic  substrate 
results  in  a  light  emitting  surface  structure,  demonstrating  the  possible  technological  application 
potential  of  PINCs  at  ambient  conditions.  The  centrifuge  deposition  process  used  in  the  sample 
fabrication  is  very  straightforward  and  creates  a  durable  QD  film  on  PET  substrates.  The  C'DM 
process  is  amenable  to  deposition  on  a  wide  variety  of  substrates.  We  have  used  this  process  to 
deposit  PbS  QDs  on  paper,  metal  foil,  glass  and  GaAs  substrates.  Hie  photoluminescence  results 
promote  further  research  on  these  hybrids  in  order  to  optimize  the  emission  features  through 
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improvements  of  the  colloid  deposition  process,  and  to  understand  the  mechanisms,  which  cause 
the  uncommon  temperature  dependence  of  the  PL  line  width 
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SECTION  VII 
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ABSTRACT 

The  stability  of  colloidal  PbS  quantum  dot  (QD)  films  deposited  on  various  substrates  including  glass  and  GaAs  was 
studied.  Over  a  period  of  months,  the  QD  film  sample  was  re-tested  after  being  left  unprotected  in  air  under  ambient 
conditions.  Despite  exposure  to  532  nm  laser  excitation  and  cooling  to  cryogenic  temperatures,  the  initial 
photoluminescence  (PL)  remained  stable  between  tests.  We  also  retested  a  set  of  samples  that  had  remained  under 
ambient  conditions  for  over  2  years.  To  track  potential  changes  to  the  QDs  over  time,  X-ray  photoelectron 
spectroscopy  (XPS),  transmission  electron  microscopy  (TEM),  powder  X-ray  diffraction  (XRD),  optical  microscopy, 
UV-Vis-MR  spectrophotometry  and  atomic  force  microscopy  (AFM)  were  employed.  Evidence  points  towards 
oxidation  enforced  shrinking  of  the  active  QD  volume  causing  a  blue  shift  of  the  absorption  and  photoluminescence. 
The  presented  studies  are  important  for  reliability  expectations  of  light  emitters  based  on  PbS  QDs. 

Keywords:  PbS  quantum  dots,  photoluminescence,  deposition,  supercritical  C02,  UV-Vis-NIR  spectrophotometry, 
X-ray  photoelectron  spectroscopy.  X-ray  diffraction,  atomic  force  microscopy. 

1.  INTRODUCTION 

Thin  films  of  semiconductor  quantum  dots  (QDs)  are  emerging  as  an  important  class  of  materials  for  electronic  and 
optoelectronic  devices  such  as  field-effect  transistors  [1-3],  photodetectors  [4-7],  light-emitting  diodes  [8-10], 
metamaterials  [11-13],  and  solar  cells  [14,15],  As  a  consequence,  the  optical  and  electrical  stability  of  colloidal 
quantum  dots,  such  as  PbS,  used  in  devices  is  an  important  issue.  For  example,  the  effects  of  photo-oxidation 
exposure  on  the  surface  state  of  colloidal  PbS  QD  films  have  drawn  attention  during  the  last  decade  [16-20], 
Detrimental  impacts  to  the  morphology  and  optical  properties  of  PbS  QD  films  can  occur  via  processes  such  as 
oxidation,  heating  or  UV  induced  degradation.  The  oxidation-induced  reduction  in  the  size  of  the  PbS  “core” 
increases  quantum  confinement,  causing  shifts  of  the  PL  peak  and  the  absorption  onset  to  higher  energies.  To  date, 
most  investigations  of  IV- VI  QDs’  stability  have  focused  on  thermally  activated  oxidation  of  PbX  QD  solutions  or 
solid  films,  which  rapidly  decreased  the  physical  and  electronic  size  of  the  QDs,  increasing  the  confined  state  energy 
separation  and  causing  excitonic  blueshifts  of  absorption  and  emission  spectra  [16-18],  However,  the  rate  of  aging 
of  PbS  QDs  in  ambient  environments  has  not  been  thoroughly  studied. 

In  this  study,  the  stability  of  the  PbS  QD  films,  under  ambient  conditions  was  tested,  with  particular  attention  to 
any  changes  in  the  oxidation  state  of  the  QDs  over  a  period  of  several  months.  Two  sets  of  PbS  QD  films  were 
fabricated,  one  set  on  glass  and  the  other  on  1  cm  by  1  cm  pieces  of  semi-insulating  GaAs.  The  impact  of  the  PbS 
QD  film  deposition  processes  on  QD  stability  was  also  studied  in  these  two  sets.  The  aging  of  these  films  was 
investigated  using  photoluminescence  (PL),  UV-Vis-NIR  spectrophotometry,  X-ray  photoelectron  spectroscopy 
(XPS),  transmission  electron  microscopy  (TEM),  powder  X-ray  diffraction  (XRD),  and  atomic  force  microscopy 
(AFM).  Fundamental  investigations  are  required  to  systematically  measure  the  rate  of  any  degradation  in  the  films 
due  to  short  term  exposure  to  ambient  conditions  during  material  and  device  fabrication  processes,  and  to  explore 
the  need  for  device  encapsulation  over  the  long  term.  As  reported  in  the  literature  [18],  QD  oxidation  causes  a 
considerable  blue  shift  of  both  the  absorption  and  the  luminescent  transitions.  Therefore,  the  optical  properties  are 
an  accurate  means  for  tracking  changes  in  the  QD  oxidation. 
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2. 


SAMPLE  PREPARATION  AND  OPTICAL  MEASUREMENTS 


The  films  were  formed  employing  supercritical  fluid  C02  deposition  (SFD)  and  solvent  deposition  (SDM)  methods. 
Oleic  acid-capped  PbS  nanoparticles  were  synthesized  in  our  lab  using  a  procedure  reported  by  Hines  and  Scholes 
[21],  The  synthesized  PbS  QDs  were  dispersed  in  toluene.  The  SFD  process  was  carried  out  using  a  35.3  mL  high- 
pressure  stainless  steel  chamber.  For  both  the  glass  slide  and  GaAs  substrates  the  QD  solution  was  contained  on  top  of 
the  substrate  for  the  solvent  removal  by  the  SFD  process.  For  the  glass  substrates  a  special  apparatus  was  designed  to 
cover  larger  diameters  uniformly  but  the  GaAs  substrate  was  too  fragile  for  this  apparatus  so  smaller  (1  cm  by  1  cm) 
squares  of  GaAs  were  placed  in  a  small  vial  with  the  PbS  QD  solution  and  then  placed  in  the  C02  high  pressure 
chamber.  Presumably,  the  supercritical  fluid  C02  deposition  is  governed  by  a  gas-antisolvent  (GAS)  mechanism 
described  previously  in  the  literature  [22-24],  where  an  increasing  amount  of  C02  alters  the  polarity  of  the  toluene 
solvent  and  becomes  unfavorable  for  particle  stabilization  in  the  colloid,  thus  resulting  in  the  particles  precipitating 
from  solution.  The  PbS  QDs  precipitate  evenly  and  self-assemble  in  a  uniform  array  on  the  substrates  during  SFD. 
The  method  was  reported  previously  for  making  Au,  Ag2S  and  CdS  nanoparticle  arrays  on  Si  surfaces  [22-24],  The 
oleic  acid  protected  PbS  QDs  can  also  form  films  on  the  substrates  immersed  in  the  toluene  solution  under  atmospheric 
pressure.  This  procedure  is  referred  to  as  SDM.  However,  the  benchtop  solvent  evaporation  process,  due  to  high 
surface  tension  at  the  liquid/vapor  interface,  can  lead  to  imperfect  nanoparticle  ordering,  forming  isolated  islands, 
percolating  domains,  locally  high  particle  populations,  and  uneven  surface  coverage  [25-27], 

The  optical  images  of  PbS  QDs  on  GaAs  and  glass  fabricated  by  the  SFD  and  SDM  methods  were  taken  by  using 
Axiotron  II  Inspection  Microscope.  The  solution  deposition  method  using  p-GaAs  substrates  resulted  in  coffee  rings, 
long  range  channels  and  fractures  in  both  1 0  and  50  fold  magnifications.  However,  SFD  samples  revealed  a  uniform 
material  coverage  over  the  entire  substrate  area,  with  some  fractures.  These  fractures  probably  are  due  to  the  dryness 
via  solvent  removal  in  the  sample  deposition  process.  The  initial  optical  images  were  taken  immediately  after  the 
deposition  process.  For  example.  Fig.  1  shows  the  initial  images  of  SDM  and  SFD  films  on  semi-insulating  (S.I.) 
GaAs.  Despite  the  colors  seen  in  the  images  below,  the  PbS  QD  films  appear  gray  to  the  naked  eye.  Based  upon  the 
images  taken  at  both  10  and  50  fold  magnifications,  the  microscope  images  from  initial  and  final  measurements 
months  later  closely  resemble  each  other.  This  gives  an  indication  that  the  structural  stability  of  the  PbS  QD  films  is 
quite  reliable. 


PbS  QDs  deposited  on  S.I.  GaAs  using  SDM  (07.25.12);  optical  microscope  measurements  were  taken 
on  07.3  1 .201  2,  (left)  10X  and  (right)  50X  magnifications. 


PbS  QDs  deposited  on  S.I. GaAs  using  SFD  (07.3 1. 12);  optical  microscope  measurements  were  taken  on 
07.3  1 .201 2  (left)  10X  and  (right)  50X  magnifications. 


Figure  I.  Optical  microscope  images  of  (top)  PbS  (SDM)  on  S.I.  GaAs  substrate  and  (bottom)  PbS  (SFD)  on  S.I.  GaAs 
substrate. 
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3.  RESULTS  AND  DISCUSSION 


3.1  Absorption  studies  of  PbS  films  deposited  by  SDM  and  SFD 

The  UV-Vis-NIR  spectra  of  PbS  QDs  were  obtained  using  a  Cary  5000  Varian  UV-Vis-NIR  spectrophotometer 
scanning  from  400  to  1600  nm.  In  this  study  the  absorbance  of  SFD  PbS  QDs  on  a  glass  substrate  was  measured.  The 
sample  remained  unprotected  under  the  ambient  conditions  for  4.3  months,  and  the  absorbance  was  measured  again. 
About  a  20  nm  (15  meV)  blue-shift  was  observed  from  the  initial  1304  nm  peak  wavelength  to  the  final  1284  nm  peak 
wavelength.  The  peak  shift  is  presumably  caused  by  an  oxidizing  effect  due  to  the  exposure  to  air.  The  oxidation  of 
Pb  and  S  on  the  outer  surface  of  the  QDs  reduces  the  active  size  and  thereby  creates  a  blue-shift  [18],  as  shown  in  Fig. 
2  (top).  In  the  same  manner  the  PbS  QD  film  deposited  on  glass  by  SDM  was  measured.  The  fabricated  sample  was 
stored  at  ambient  conditions  and  was  measured  again  —4.6  months  later.  During  this  period  of  time  the  maximum  peak 
wavelength  blue-shifted  34  nm  (25  meV)  from  1304  nm  initially  to  1270  nm  as  shown  in  Fig.  2  (bottom).  The 
absorbance  of  the  films  made  by  the  SFD  method  shifted  less  than  SDM  films  because  the  SDM  deposited  films 
possess  a  relative  larger  surface  area  due  to  the  uneven,  porous,  and  “coffee  ring”  changes  in  density,  which  presents 
favorable  conditions  for  oxidation.  On  the  other  hand,  the  films  deposited  by  SFD  possess  a  compact  and  uniform 
coverage,  which  is  less  influenced  by  air. 


Wavelength  (nm) 


Wavelength  (nm) 

Figure  2.  (Top)  Absorbance  spectra  of  PbS  QDs  on  glass  using  SFD.  The  duration  between  2  measurements  is  4.3  months; 
(Bottom)  Absorbance  spectra  of  PbS  QDs  on  glass  using  SDM.  The  duration  between  2  measurements  is  4.6  months. 


Proc.  of  SPIE  Vd.  8634  86340T-3 


36 

Approved  for  public  release;  distribution  unlimited. 


3.2  Photoluminescence  study  of  PbS  QD  films  over  three  months 

Room -temperature  photoluminescence  (PL)  of  the  four  samples  was  measured  approximately  once  a  month  for  three 
consecutive  months,  with  the  first  of  these  measurements  made  approximately  two  months  after  QD  deposition  and 
storage  in  air.  The  samples  were  measured  in  a  cryostat  with  a  Csl  window  and  optically  pumped  with  a  frequency- 
doubled  Nd:YAG  laser  (532  nm)  at  an  intensity  of  0.76  W/cm2.  A  Bomem  DA3  FTIR  spectrometer  was  used  to 
collect  the  PL  spectra.  Each  spectrum  was  fit  with  a  Gaussian  curve  to  determine  the  peak  position  and  FWHM,  and 
the  data  are  shown  in  Table  1 . 


800  lOOO  1200  1400  1600  1800  2000  2200 


800  lOOO  1200  1400  1600  1800  2000  2200 


Wavelength  (nm) 


Wavelength  (nm) 


Figure  3.  Room  temperature  PL  measurements  over  three  months  on  samples  a)  SDM  and  b)  SFD  deposited  on  glass. 


Figure  3  displays  the  normalized  PL  spectra  for  the  SDM  (Fig.  3a)  and  SFD  (Fig.  3b)  samples  on  glass.  From 
the  first  month  to  the  second  month,  a  blue  shift  in  the  PL  peak  position  of  21  nm  (13  meV)  for  the  SDM  sample 
was  observed  while  the  FWHM  increased  by  2  meV.  The  second  to  the  third  month  shows  no  change  in  the  FWHM 
and  a  smaller  change  in  the  peak  blue  shift,  only  8  nm  (5  meV).  The  SFD  sample  on  glass  first  experiences  a  small 
red  shift  in  the  PL  peak  position,  5  nm  (3  meV),  from  the  first  to  the  second  month  and  then  a  subsequent  13  nm 
(8  meV)  blue  shift  from  the  second  to  the  third  month.  The  FWHM  varied  by  4  meV  over  the  three  months.  These 
shifts  in  the  peak  position  for  the  SFD  sample  are  within  the  experimental  error  of  ±  5  meV,  so  effectively  this 
sample  showed  no  change  in  the  PL  spectra  over  the  three  months. 


800  1000  1200  1400  1600  1800  2000  2200 


Wavelength  (nm) 


Figure  4.  Room  temperature  PL  measurements  over  three  months  on  samples  a)  SDM  and  b)  SFD  deposited  on  GaAs. 


The  normalized  spectra  for  the  samples  deposited  on  GaAs  are  shown  in  Fig.  4:  SDM  (Fig.  4a)  and  SFD 
(Fig.  4b).  The  PL  peak  position  for  the  SDM  sample  blue  shifts  by  16  nm  (10  meV)  and  1 1  nm  (7  meV)  from  the 
first  to  the  second  and  the  second  to  the  third  months,  respectively.  The  FWHM  is  the  smallest  for  this  sample  and 
varies  by  5  meV  over  the  three  months.  The  SFD  sample  peak  position  and  FWHM  remain  essentially  constant 
from  the  first  to  the  second  month,  varying  only  by  3  nm  (2  meV),  but  a  substantial  red  shift  of  48  nm  (27  meV)  is 
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observed  in  the  third  month  along  with  a  large  decrease  in  the  intensity  resulting  in  more  noise  on  the  spectrum.  The 
red  shift  and  intensity  decrease  are  drastic  and  unexpected;  however,  this  was  the  only  sample  that  was  thermally 
cycled  to  4  K  for  temperature-dependent  PL  measurements. 

The  SFD  samples  experienced  less  change  in  the  PL  peak  position  over  the  first  two  months  compared  to  the 
SDM  samples,  5  nm  (3  meV)  and  3  nm  (2  meV)  versus  21  nm  (13  meV)  and  16  nm  (10  meV),  respectively.  From 
the  second  to  the  third  month,  the  peak  position  of  the  SDM  samples  shifted  by  half  the  amount  from  the  first  to  the 
second  month,  while  the  peak  shift  of  the  SFD  samples  increased.  The  change  in  the  FWHM  of  all  the  samples  was 
less  than  5  meV  over  the  three  months.  Overall,  the  PL  of  the  SFD  samples  was  more  stable  than  that  of  the  SDM 
samples. 


Table  1 .  Summary  of  Gaussian  fit  parameters  to  the  PL  spectra. 


Method 

Substrate 

Sample 

Peak  Position  (nm, 
meV) 

FWHM 

(meV) 

SDM 

Glass 

7/23/2012 

10-12-12 

1432,  866 

141 

11-14-12 

1411,879 

143 

12-11-12 

1403,  884 

143 

SFD 

Glass 

7/31/2012 

10-12-12 

1445,  858 

152 

11-14-12 

1450,  855 

156 

12-11-12 

1437,  863 

153 

SDM 

GaAs 

7/25/2012 

10-12-12 

1417,  875 

123 

11-14-12 

1401,885 

126 

12-11-12 

1390,  892 

128 

SFD 

GaAs 

7/31/2012 

10-12-12 

1469,  844 

143 

11-14-12 

1466,  846 

141 

12-12-12 

1514,819 

146 

3.3  X-ray  photocleclron  spectroscopy  (XPS) 

XPS  was  used  to  assess  the  chemical  stability  of  PbS  QDs  deposited  on  glass  substrates  by  both  the  SFD  and  SDM 
methods.  The  Pb  2f ,  S  2s  and  O  Is  transitions  were  examined  for  evidence  of  chemical  shift  [28,  29],  The  spectra 
were  acquired  on  a  Perkin-Elmer  Phi  5100  system,  equipped  with  a  non-monochromatic  magnesium  X-ray  source  and 
a  hemispherical  energy  analyzer.  Data  manipulation  and  quantification  were  performed  using  CasaXPS  software  [30], 
applying  published  atomic  sensitivity  factors  [31],  Chemical  state  determination  was  performed  by  fitting  the  spectra 
with  component  peaks  of  mixed  Gaussian/Lorentzian  (G/L)  character.  The  proper  mixture  was  determined  for  each 
spectrum  individually,  by  determining  the  best  statistical  fit  to  its  C  Is  peak.  The  mixture  value  varied  from  G55/L45 
to  G30/L70,  presumably  due  to  differences  in  emission-induced  surface  charge.  The  fitting  was  done  after  subtracting 
the  photoelectron  signal  contribution  due  to  excitation  by  Mg  X-ray  source  satellites,  and  after  performing  Shirley  (P 
4f,  O  Is)  or  linear  (S  2s)  background  subtraction. 

Figure  5  shows  the  XPS  measurements  obtained  approximately  2  months  and  6  months  after  initial  deposition  (top 
and  bottom  halves  of  the  figure,  respectively)  from  both  the  SFD  and  SDM  depositions  (left  and  right  halves, 
respectively).  Each  half  of  the  figure  is  divided  into  two  pairs  of  Pb  4f  and  S  2s  photoelectron  transitions.  The  raw 
XPS  data  are  represented  with  red  lines.  Each  of  these  transitions  is  broken  into  its  chemical  components  of  PbS  and 
PbSOs.  Note  that  each  Pb  4f  photoelectron  has  two  major  peaks  corresponding  to  5/2  and  7/2  spin-orbit  coupling.  The 
time  elapsed  since  deposition  is  shown  inset  in  each  graph  in  days  (d).  At  approximately  two  months,  for  both 
depositions,  the  S  2s  and  Pb  4f  spectra  show  substantial  amounts  of  two  different  oxidation  states  (curves  a,  c,  e  and 
g).  The  chemical  shift  is  considerably  larger  for  the  S  2s  transition  than  for  the  Pb  4f  transition,  but  in  both  cases  the 
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observed  shift  is  consistent  with  the  formation  of  PbS03  and  PbS04  [31,32].  That  said,  the  Pb  4f  chem  ical  shifts  of  the 
various  Pl\Oy  compounds  are  difficult  to  distinguish  from  PbS  and  PbS04  compounds  [28,31].  However,  the  O  Is 
transition  (not  shown)  is  able  to  distinguish  the  presence  of  Pb,Oy  compounds,  and  it  does  not  show  evidence  of 
PbjOy.  Therefore,  the  two  main  chemical  components  observed  in  both  the  Pb  4f  and  S  2s  spectra  correspond  to  PbS 
and  PbSOx. 


Figure  5.  Pb  4f  and  S  2s  photoelectron  transitions  obtained  from  the  SFD  and  SDM  of  PbS  QD  films  on  glass  with  chemical  states 
fitted. 

In  the  spectra  acquired  ~6  months  after  deposition  (bottom  half  of  the  figure),  all  samples  have  undergone 
substantial  additional  oxidation:  the  proportion  attributed  to  PbSOx  has  grown  and  the  proportion  of  PbS  has 
diminished.  The  changes  are  qualitatively  similar  in  both  the  S  2s  and  Pb  4f  spectra.  The  S  2s  spectra  reveal  that  the 
oxidation  is  occurring  at  the  sulfur  atom  site.  And  while  lead  spectra  show  additional  oxidation  that  could  be  consistent 
with  the  formation  of  either  PbSO*  or  Pb„Oy,  the  O  1  s  spectra  again  establish  no  evidence  for  Pb„Oy  formation. 

3.4  X-ray  diffraction  (XRD)  studies  of  PbS  films  deposited  by  SDM  and  SFD 

The  X-ray  diffraction  (XRD)  is  a  rapid  analytical  technique  primarily  used  for  phase  identification  of  a  crystalline 
material  and  can  provide  information  on  unit  lattice  dimensions.  Powder  X-ray  diffraction  (XRD)  patterns  were 
recorded  on  a  Bruker  D&Advance  X-ray  powder  diffractometer  with  graphite  monochromatized  Cu  Ka 
(1  =  0.15406  nm)  source.  A  scanning  rate  of  0.05°  s_1  was  applied  to  record  the  pattern  in  the  28  range  of  10-90°.  The 
crystal  structure  of  PbS  is  the  galena  structure  and  its  XRD  peak  positions  are  well  established. 

According  to  our  XRD  measurement,  the  4.7  nm  sized  PbS  QDs  possess  the  galena  structure  as  expected.  Before 
we  discuss  the  deposited  films  stability,  it  is  necessary  to  understand  the  nature  of  the  QD  aging  process  and  the 
stability  of  PbS  QDs  in  solution.  We  monitored  the  degradation  of  the  PbS  QDs  (4.7  nm)  stored  in  solution  over  3 
years.  During  this  period  the  PbS  solution  was  stored  at  4  °C  in  the  dark.  The  XRD  diffraction  peaks  remained 
unchanged  during  the  first  year.  After  the  2nd  year  the  PbS  QDs  in  solution  gradually  decayed  and  the  diffraction 
peaks  slowly  diminished  except  for  the  220  peak  which  was  enlarged  significantly  comparing  with  the  initial 


Proc.  of  SPIE  Vd.  8634  86340T-6 


39 

Approved  for  public  release;  distribution  unlimited. 


measurement.  This  indicates  that  the  PbS  QD  solution  shelf  life  after  synthesis  is  about  one  year.  More  important, 
however,  is  the  long  term  stability  of  the  prepared  films. 

The  initial  XRD  measurement  of  a  PbS  QD  film  (4.7  nm)  deposited  by  the  SDM  method  on  glass  in  2009  is  shown 
in  Figure  6  (top).  This  sample  was  then  left  under  ambient  conditions  for  an  extended  period  of  time.  After  two  and  a 
half  years  the  PbS  film  was  remeasured  by  XRD  (Figure  6  bottom).  Overall  there  is  not  much  phase  transformation 
suggesting  the  PbS  QD  film  is  quite  stable  when  exposed  to  air  under  the  nonnal  ambient  conditions. 


20  30  40  50  60  70  80  90 

20 

Figure  6.  XRD  measurements  of  a  PbS  film  (4.7  nm)  on  glass  measured  in  2009  (top)  and  2012  (bottom)  which  were  prepared  by 
SDM. 

3.5  Atomic  force  microscope  (AFM)  studies  of  PbS  films  deposited  by  SDM  and  SFD 

AFM  was  used  to  characterize  the  general  morphology  of  the  PbS  QD  films  deposited  by  SFD  and  SDM  on  both  glass 
and  GaAs.  Both  preparation  methods  produced  similar  morphologies  when  viewed  at  the  micrometer  size  scale  (see 
Figure  7a,  which  shows  10  pm  x  10  pm  AFM  image).  Clearly,  two  types  of  features  are  generally  observed,  i.e. 
“plateaus”  of  densely  packed  QDs  and  deep  cracks.  The  “plateaus”  are  100  nm  to  300  nm  thick  relative  to  the 
substrate  and  the  cracks  are  1  pm  or  less  wide.  Since  the  films  are  not  continuous  as  deposited  by  either  method,  a 
second  deposition  would  be  required  to  fill  in  these  small  cracks  in  order  to  use  the  films  in  electrical  devices.  The 
SFD  method  is  well  suited  for  depositing  nanoparticles  into  <  1pm  dimensions  [22].  Figure  7b  is  a  3D  representation 
of  the  same  data  shown  in  Figure  7a. 

Although  the  fissures  might  appear  to  extend  to  the  substrate,  higher  magnification  images  from  these  areas 
revealed  that  this  was  not  the  case.  Instead,  QDs  are  always  distributed  along  the  bottom  surfaces  of  these  fissures, 
with  an  average  thickness  of  20  to  50  nm,  as  determined  by  measuring  the  height  of  the  QDs  relative  to  scratches  made 


Figure  7.  (a)  10  pm  x  10  pm  image  of  the  general  surface  morphology;  (b)  3D  representation  of  figure  7a 
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through  the  QD  layer  to  the  substrate.  That  is,  the  minimum  value  of  the  height  scale  of  Figure  7b  represents  the  top 
of  the  QD  layers  within  the  fissures,  some  20  to  50  nm  above  the  substrate  surface. 

3.6  T ransmission  electron  microscope  (TEM)  studies  of  PbS  films  deposited  by  SDM  and  SFD 

For  this  part  of  the  aging  study  we  monitored  PbS  colloidal  QDs  deposited  on  carbon  coated  copper  grids  over 
approximately  2.6  years  using  SDM  and  SFD  methods.  Figure  8  shows  the  TEM  profile  of  these  PbS  QDs  formed  by 
SDM  and  SFD.  Here,  TEM  measurements  taken  on  04/13/10  (initial),  on  11/03/11  (1.6  years),  and  12/11/12  (2.6 
years)  are  compared.  We  observed  clearly  that  the  QDs  aged  in  air  lose  their  faceting  and  are  more  diffuse  in  shape 
and  size.  The  active  average  QD  diameter  appears  to  reduce  as  described  in  the  literature  [18].  The  shapes  of  QDs 
become  more  irregular,  and  the  size  distribution  considerably  broadens  when  samples  were  stored  under  the  ambient 


04/13/2010  A6-8  PbS  SDM-D1  1 1/03/201 1  A7-3  PbS  SDM-D561  12/1 1/2012  A7-7  PbS  SDM--D967 
50000X  (0  vearl  50000X  ( 1 .6  vearsl  50000X  (2.6  vears) 


04/13/2010  B6-7  PbS  SFD--D1  1 1/03/201 1  B7-4  PbS  SFD-D561  12/1 1/2012  B7-6  PbS  SFD— D967 

50000X  (0  year)  50000X  (1.6  years)  50000X  (2.6  years) 


Figure  8.  SDM  (a,b,c)  and  scCO,  (d,e,f)  deposition  of  PbS  on  carbon  coated  cupper  grids,  which  were  stored  under  ambient 
conditions  about  2  years  and  7  months.  TEM  images  (a,d)  were  taken  on  Day  1,  TEM  images  (b,e)  were  taken  on  Day  561,  and 
TEM  images  (c,  f)  were  taken  on  Day  967. 

conditions.  From  observation  of  the  TEM  images,  the  QDs  both  oxidize  and  ripen  in  air  and  ripening  occurs  mostly  by 
atomic  diffusion  between  immobile  QDs  rather  than  by  QD  diffusion  and  aggregation.  The  edges  of  the  QDs  in 
Figures  8c  and  8f  became  more  faded  than  TEM  images  of  Figures  8b  and  8e,  and  those  of  Figures  8a  and  8d. 


4.  CONCLUSIONS 

The  study  presented  here  provides  a  detailed  overview  about  the  temporal  impact  of  the  ambient  environment  on  the 
optical  properties  of  PbS  QDs,  such  as  near  infrared  absorption  and  photoluminescence.  The  stability  of  the  optical 
properties  is  of  particular  importance  for  optical  device  fabrication  procedures  and  reliability.  We  observed  changes  in 
the  optical  properties  over  the  time  period  of  more  than  4  months,  for  PbS  QD  films  deposited  from  solution  by  both 
conventional  solvent  evaporation  and  solvent  removal  by  a  supercritical  fluid  C02  method.  We  also  tested  the  samples 
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which  remained  under  the  ambient  conditions  for  more  than  2  years.  The  PbS  QD  films  on  GaAs  and  glass  both  had 
good  adherence,  despite  the  lack  of  a  polymer  matrix,  and  with  the  supercritical  fluid  C02  deposition  process  the  films 
have  a  very  uniform  substrate  coverage  without  the  typical  “coffee  ring”  pattern  of  standard  solution  deposition 
processes. 

The  optical  data  point  towards  slow  oxidation  of  the  QD  surface  despite  the  protecting  oleic  acid  ligands.  The  lead 
oxide  and  sulfur  oxide  formation  shrinks  the  active  QD  volumes,  causing  a  blue  shift  of  the  emission  and  absorption. 
The  absorption  process  is  the  more  reliable  method  for  tracking  changes  in  the  optical  volume  since  it  involves  the 
transition  between  the  two  quantum  confined  states.  Unfortunately,  the  emission  process  involves  a  transition  between 
trap  states  and  only  one  of  the  quantum  confined  states.  The  existence  of  traps  in  the  investigated  QDs  is  supported  by 
the  -100  meV  “Stokes"  shift  [33]  between  the  initial  absorption  peak  (951  meV)  and  the  initial  PL  peak  (858  meV). 
The  oxide  formation  was  confirmed  using  x-ray  photoelectron  spectroscopy. 

The  stability  of  the  structural  and  optical  properties  of  the  unprotected  QD  films  in  ambient  conditions  is  good 
over  a  time  period  of  several  months.  The  denser  QD  films  formed  by  the  SFD  are  more  oxidation  resistant  than  the 
films  formed  by  the  SDM  method.  Over  a  period  of  4  months  the  QD  optical  absorption  only  shifted  by  15  meV  for 
the  SFD  processed  films.  This  small  shift  reflects  that  only  a  small  change  in  PbS  QD  active  volume  was  occurred. 
For  device  fabrication  the  PbS  QD  layers  would  not  remain  unencapsulated  and  therefore  would  be  even  less  likely  to 
degrade  over  longer  periods  of  time.  A  second  PbS  QD  deposition  to  fill  the  micrometer  or  less  cracks  should  take 
care  of  potential  electrical  continuity  issues  and  testing  of  degradation  of  electrical  properties  needs  to  be  done  since 
these  properties  may  degrade  faster  than  the  optical  properties  [18]. 
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LIST  OF  ACRONYMS,  ABBREVIATIONS,  AND  SYMBOLS 


Acronym 

Description 

PbS 

Lead  Sulfide 

QDs 

Quantum  Dots 

PL 

Photoluminescence 

TR 

Transmittance 

FUR 

Fourier  Transform  Infrared 

FRET 

Fluorescence  Resonance  Energy  Transfer 

Sc-C02 

Supercritical  Fluid  Carbon  Dioxide 

TEM 

Transmission  Electron  Microscopy 

2D 

Two-Dimensional 

HRTEM 

High  Resolution  Transmission  Electron  Microscopy 

XRD 

X-ray  Diffraction 

fee 

Fac  e-c  entered-cubi  c 

SEM 

Scanning  Electron  Microscopy 

ODE 

Octadecene 

TMS 

B  i  s(tri  methyl  si  lyl)sul  fide 

TOP 

Trioctylphosphine 

OA 

Oleic  Acid 

GAS 

Gas-Antisolvent 

FEG 

Field  Emission  Gun 

OA 

Optical  Absorbance 

cw 

Continuous  Wave 

NPs 

Nanoparticles 

PINGs 

Production  of  Polymer- Inorganic  Nanocomposites 

PET 

Polyethylene  Terephthalate 

CDM 

Centrifuge  Deposition  Method 

FWHM 

Full-Width  at  Half  Maximum 

LO 

Longitudinal  Optical 

XPS 

X-Ray  Photoelectron  Spectroscopy 

AFM 

Atomic  Force  Microscopy 

SFD 

Supercritical  Fluid  Deposition 

SDM 

Solvent  Deposition  Method 

S.I. 

Semi-Insulating 

G/L 

Gaussian/Lorentzian 
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